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Ocean exploration is becoming increasingly important and with it, the need for 
sophisticated Autonomous Underwater Vehicles. 
Dynamic models of the AUV are the basis of controller design for the AUV. This 
thesis proposes a new modular modeling method for AUVs with Myring hull profile. 
This method divides the AUV into 3 basic modules: the nose section, the middle section 
and the tail section with four control fins. It is based on the essential data of each module 
and enables flexible derivation of dynamic models of different configuration. By the use 
of basic geometrical parameters of modules, the essential data of each module can be 
calculated. From the derived essential data, the hydrodynamic coefficients for the 
dynamic model are determined according to fluidics and empirical formulas. When some 
component of the AUV is changed for different functional requirements, the new 
dynamic model can re-derived quickly from the given basic data of the new module. 
For completeness, three control schemes are adopted and the specific controllers 
are designed to realize maneuverability of the AUV: forward speed control, steering 
control and depth control. The simulation by using these controllers is given to 
demonstrate the performance of the proposed control scheme. The results of simulation 
show that the performance of controllers is acceptable and the three types of controllers 





List of Tables 
 vi
List of Tables 
 
Table 3.1                The notation of SNAME for marine vehicles                                     13 
Table 4.1        Parameters of the fin                                                                           31 



















List of Figures 
 vii
List of Figures 
 
Fig. 3.1                Earth-fixed coordinates and body-fixed coordinates                             14 
Fig. 3.2                The rotation sequence for transformation                                              16 
Fig. 3.3                The earth-fixed non-rotating reference frame and body-fixed rotating 
reference frame                                                                                                18 
Fig. 4.1                Myring hull profile and 3 modules                                                        27 
Fig. 4.2                The middle section and its own coordinates                                          29 
Fig. 4.3                The tail section                                                                                       31 
Fig. 5.1                The profile of tail section                                                                       48 
Fig. 5.2                Effective rudder angle of attack                                                             52 
Fig. 5.3                Effective stern plane angle of attack                                                      53 
Fig. 5.4-a             Track in x-y plane by use of Prestero’s model                                      59 
Fig. 5.4-b             Track in x-y plane by use of modular model                                        59 
Fig. 5.5-a             Track in x-z plane by use of Prestero’s model                                      60 
Fig. 5.5-b             Track in x-z plane by use of modular model                                         60 
Fig. 6.1                The speed response for proportional controller                                     63 
Fig. 6.2                Depth control system block diagram                                                     65 
Fig. 6.3-a             The depth change with time                                                                  67 
Fig. 6.3-b             Moving track in x-z plane                                                                     68 
Fig. 6.3-c             Input angle of stern planes                                                                     68 
Fig. 6.4-a             Steering angle change with time                                                            70 
Fig. 6.4-b             Moving track on x-y plane                                                                    71 
Fig. 6.4-c             Input angle of rudders                                                                            71 
List of Figures 
 viii
Fig. 6.5                State feedback control scheme                                                              72 
Fig. 6.6                Forward speed response for LQR speed controller                               73 
Fig. 6.7-a             The depth change with time                                                                  75 
Fig. 6.7-b             Moving track in x-z plane                                                                     75 
Fig. 6.7-c             Input angle of rudder                                                                             76 
Fig. 6.8-a             Steering angle change with time                                                            77 
Fig. 6.8-b            Moving track on x-y plane                                                                     77 
Fig. 6.8-c             Input angle of rudder                                                                             78 
Fig. 6.9                Surge speed response                                                                             81 
Fig. 6.10-a           The depth change with time                                                                  83 
Fig. 6.10-b           Moving track in x-z plane                                                                     83 
Fig. 6.10-c           Pitch angle during diving process                                                         84 
Fig. 6.11-a           Steering angle with time                                                                        86 










List of Symbols 
 ix
List of Symbols 
 
           AUV                 Autonomous Underwater Vehicle 
           APL                  the Applied Physics Laboratory 
          CFD                   Computational Fluid Dynamics  
           DOF                  Degrees of Freedom 
           LQR                  Linear-Quadratic Regulator  
           PID                    Proportional-Integral-Derivative    
  RHS                   Right –Hand Side 
         SISO                   Single-Input, Single-Output 
    SNAME                   the Society of Naval Architects and Marine Engineers 
     SPURV                   the Self Propelled Underwater Research Vehicle  
1 2[ , ]
T T T=η η η            the position and orientation vector in the earth-fixed coordinates 
1 [ , , ]
Tx y z=η            the linear position vector in the earth-fixed coordinates 
2 [ , , ]
Tφ θ ψ=η           the angular position vector in the earth-fixed coordinates 
1 2[ , ]
T T T=v v v             the linear and angular velocity vector in the body-fixed coordinates 
1 [ , , ]
Tu v w=v            the linear velocity vector in the body-fixed coordinates 
2 [ , , ]
Tp q r=v            the angular velocity vector in the body-fixed coordinates 
1 2[ , ]
T T T=τ τ τ             the forces and moments acting on the vehicle in the body-fixed 
frame     
1 [ , , ]
TX Y Z=τ          the forces acting on the vehicle in the body-fixed frame     
2 [ , , ]
TK M N=τ       the moments acting on the vehicle in the body-fixed frame     
List of Symbols 
 x
[ ]G G G Gx y z=r     the AUV’s center of gravity in body-fixed coordinates 
ω                   the angular velocity of the rigid body respect to the earth-fixed 
coordinates 
1J                     linear transformation matrix 
2J                    angular of transformation matrix 
xxI , yyI , zzI             the moments of inertia about the X, Y, Z-axes respectively 
xyI , xzI , yzI            the products of inertia about X-Y, X-Z and Y-Z axes respectively 
RBM                   rigid body inertial matrix 
RBC                    matrix of rigid body Coriolis and centrifugal terms 
 
Chapter 1. Introduction 
 1
Chapter 1.  Introduction 
 
The ocean covers about two-thirds of the earth and has a great effect on survival 
and development of all beings. The abundant resources in the ocean are very important 
for the future of human. It is reported that about 37％ of the world population lives 
within 100km of the ocean [1]. However, the ocean is generally overlooked as we focus 
our attention on land and atmospheric issues. Until recently, the knowledge about the 
ocean was very limited. One of reasons is due to the unstructured, hazardous undersea 
environment which makes exploration difficult. Underwater robotics can help us better 
understand marine and other environmental issues. Autonomous underwater vehicle 
(AUV) is one type of underwater robotics which has attracted many research interests in 
recent years. 
AUV is a vehicle that is driven through the water by a propulsion system, 
controlled and piloted by an onboard computer with six degree of freedom (DOF) 
maneuverability [2, 3]. It can execute the predefined task entirely by itself. Until now, the 
AUV technologies can be divided into 5 categories: autonomy, energy, navigation, 
sensors, and communications [3].  
 
1.1 Development and application of AUV 
1.1.1 AUV development  
Considering the work environment, AUV belongs to a kind of submersible 
vehicle which has originally emerged in the 18th century [4].  However, the first true 
AUV was built by the Applied Physics Laboratory (APL) of the University of 
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Washington in the late 1950s due to the need to obtain oceanographic data along precise 
trajectories and under ice [4]. Their work led to the development and operation of The 
Self Propelled Underwater Research Vehicle (SPURV). The development of AUV can be 
divided into the following phases. 
A. Prior to 1970 – initial investigation into the utility of AUV systems 
AUV development began in the late 1950s.  A few AUVs were built mostly to 
focus on very specific applications. SPURV I became operational in the early 60’s and 
supported research efforts through the mid 70’s. The vehicle was acoustically controlled 
from the surface and could autonomously run at a constant pressure, or climb and dive at 
up to 50 degrees [4].  
B. 1970~1980- Technology development and some testbeds were built 
During the 1970s, a number of testbeds were developed. This is a period of 
experimentation with technologies in the hope of defining the potential of these 
autonomous systems. The University of Washington APL developed the UARS series 
and SPURV series vehicles to gather data from the Arctic regions. The University of 
New Hampshire’s Marine Systems Engineering Laboratory (now the Autonomous 
Underwater Systems Institute) developed the EAVE vehicle (an open space-frame AUV). 
Also at this time the Institute of Marine Technology Problems, Russian Academy of 
Sciences (IMTP, RAS) began their AUV program with the development of the SKAT 
vehicle, as well as, the first deep diving AUVs L1 & L2.   
C. 1980~1990- experiment with prototypes 
In the 1980s there were a number of technology advances outside the AUV 
community that greatly affected AUV development. Small, low power computers and 
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memory offered the potential of implementing complex guidance and control algorithms 
on autonomous platforms. Advances in software systems and engineering made it 
possible to develop complex software systems able to implement the vision of the 
systems developers. Most importantly in the USA, research programs were begun which 
provided significant funding to develop proof of concept prototypes. The most published 
program was the effort at Draper Labs that led to the development of two large AUVs to 
be used as testbeds for a number of Navy programs. This decade was indeed the turning 
point for AUV technology. It was clear that the technology would evolve into operational 
systems, but not as clear as to the tasks that those systems would perform. 
D. 1990~2000- Goal driven technology development 
During this decade, AUVs grew from proof of concept into first generation 
operational systems able to be tasked to accomplish defined objectives. A number of 
organizations around the world undertook development efforts focused on various 
operational tasks. Potential users surfaced and helped to define mission systems 
necessary to accomplish the objectives of their data gathering programs. This decade also 
identified new paradigms for AUV utilization such as the Autonomous Oceanographic 
Sampling System (AOSN) and provide the resources necessary to move the technology 
closer to commercialization. 
E. 2000~present- commercial markets grow  
During this period, the utilization of AUV technology for a number of 
commercial tasks is obvious. Programs are underway to build, operate and make money 
using AUVs. The truly commercial products become available. For example, the Hugin 
vehicle is currently manufactured by Konsberg Simard.  
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1.1.2 Applications  
With the development of AUV technology, its application areas have been 
expanding gradually. Its main applications include the following fields [2, 6]: 
A. Science:  seafloor mapping; geological sampling; oceanographic monitoring; 
B. Environment: environmental remediation; inspection of underwater structures, 
including pipelines, dams, etc; long term monitoring (e.g., radiation, leakage, 
pollution) 
C. Oil and gas industry: ocean survey and resource assessment; construction and 
maintenance of undersea structures 
D. Military: shallow water mine search and disposal; submarine off-board sensors. 
 
1.2 Motivation  
Recently, a trend of AUV usage is to deploy simultaneously a fleet of AUVs 
which are equipped with different functional modules. Each of them carries out various 
tasks and cooperates with each other to accomplish final goals. Normally these AUVs 
have the same basic modularized structure and can be easily added on with a new 
functional component or reconfigured for different tasks. Therefore, the method to build 
the dynamic models for these AUV needs to be flexible for reconfiguration.  
In addition, the project, StarFish which includes a lot of research work besides the 
part I have done, plans to build a team of small low-cost AUVs being able to perform 
survey, sensing and tracking missions. These AUVs are also built by modular method 
and the modules can be changed easily for different tasks. Therefore, we want to use a 
new approach to model these AUVs so that the dynamic model can be quickly rebuilt 
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when AUVs change their configuration. Furthermore, the new modeling method should 
base on basic data of each module so that we can quickly build the dynamic model of the 
AUV by combing all these modules.  
This modeling method can help us to generate the dynamic models of AUVs 
quickly and conveniently. And then based on the models, control design, simulation and 
analysis for the AUV can be executed. 
 
1.3 Objectives 
According to the motivation above, there are two objectives in this thesis. 
A. Propose a modular modeling method for a team of modular structured 
AUVs 
Based on the analysis in the above section, this thesis attempts to propose a 
modular modeling method for a team of modular structured AUVs. This method builds 
the dynamic model of AUV from the data of basic components or modules. As long as 
the relevant basic data of each module are known, this method can build the whole model 
by computing the coefficients based on these data. When one module of the AUV is 
changed and the new module’s data are already known, this method can combine the new 
module and remaining components to build a new dynamic model quickly. Therefore, 
this method will be quite suitable for modular structured AUVs which require 
reconfiguration for different desired tasks.  
B.  Design control laws for controlling the basic movement of the AUV 
For completeness, this thesis attempts on several control schemes and applies 
them in AUV control design. One purpose is to realize the motion control of the AUV 
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and the other purpose is to check performance of the model which is built by the modular 
modeling method. 
 
1.4 Organization of the thesis 
The remaining part of the thesis is organized as follows. In Chapter 2, a literature 
review on the modeling methods of AUV and various control designs for AUV is 
presented. In Chapter 3, a detailed description of AUV kinematics and dynamics is 
presented. In Chapter 4, the Myring hull profile which is the profile adopted by the AUV 
we discuss in this thesis is introduced specifically. The basic modules of the AUV and 
their essential data are discussed in detail as well. In Chapter 5, a detailed description of 
the modular modeling method is presented. All coefficients calculated by the modular 
method are presented in detail and finally a whole model is given based on these 
coefficients. In Chapter 6, we discuss the controller design, including PID control, state 
feedback control by LQR method, and feedback linearization control. The results of 
control performance are presented by relevant figures. Finally, in Chapter 7, the 
conclusions and recommendations for future work are presented. 
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Chapter 2.  Literature Review 
 
In this chapter, the literatures that are relevant to modeling and control of 
autonomous underwater vehicle are discussed. 
 
2.1 Modeling method 
Modeling of marine vehicles involves the study of statics and dynamics. Statics is 
concerned with the equilibrium of bodies at rest or moving with constant velocity, 
whereas dynamics is concerned with bodies having accelerated motion. The foundation 
of hydrostatic force analysis is the Archimedes’ principle. The study of dynamics can be 
divided into two parts: kinematics, which treats only geometrical aspect of motion, and 
kinetics, which is the analysis of the forces causing the motion [5].   
The increasing needs for AUV have brought about corresponding demands of 
accurate control of AUV and consequently, models which control laws are based on. 
Abkowitz [6] addressed issues pertaining to the stability and motion control of marine 
vehicle. He derived the dynamics of marine vehicles, and also studied and analyzed the 
external forces and moments acting on the vehicles. Ship hydrodynamics, steering and 
maneuverability are well discussed.  
Fossen [5] has also described the modeling of marine vehicles. He described the 
details of vehicles’ kinematics and rigid body dynamics. Based on these, the compact 
forms of equations of vehicle motion were explained specifically. In addition, he divided 
the hydrodynamic forces and moments into two parts: radiation-induced forces and 
Froude-Kriloff and diffraction forces.  
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The equations of motion are nonlinear. The forces and moments acting on a 
vehicle moving through a fluid medium are dependent on many factors. These include the 
properties of the vehicle (length, geometry, etc.), the properties of motion (linear and 
angular velocities, etc.), and the properties of the fluid (density, viscosity, etc.). Among 
these forces and moments, the hydrodynamics forces are the most difficult part to model. 
Newman [7] has presented the marine hydrodynamics in detail, especially the derivation 
of the added mass.  
While many literatures deal with surface ships, articles pertaining to autonomous 
underwater vehicles are not as common. Yuh [8] is one of the earliest to describe AUV 
modeling. In [8], he re-emphasized the importance of added mass and introduced 
functional terms which are essential in describing the equations of motion of an AUV. 
Since then, many papers and books which further extend this work have appeared. 
While almost all reports on control of AUVs invariably list all or part of the six 
degree of freedom (DOF) equations of motion, any newcomer to the topic will most 
likely be unable to decipher the various terms involved. Fossen offers the most 
comprehensive treatment on AUV modeling in [6, 9, 10]. Interested readers can find 
detailed explanations of the various terms that form the equations of motion. 
After deriving general equations of AUV motion, the next step is to determine the 
relevant coefficients in these equations and then obtain the whole dynamics model. In 
these coefficients, the hydrodynamic derivatives are the most difficult terms to model. 
Therefore, according to the methods of modeling hydrodynamic forces, Goheen [11] has 
categorized 2 methods of modeling AUV dynamics: test-based method and predictive 
method.  
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The test-based method requires direct experiments to obtain relevant data from a 
prototype of the AUV in a tow-tank or free waters. Abkowitz [6] and Clayton and Bishop 
[12] have discussed some of the steps and calculations involved in tow-tank testing. The 
hydrodynamic testing of the MARIUS AUV is outlined in [13]. In addition, the system 
identification techniques are a less direct, but perhaps more efficient test-based method. 
However, a disadvantage of this method is the need for a vehicle, as well as laboratory or 
in-field testing facilities.  
Considering the cost of the direct method or unavailability of the vehicle 
especially during vehicle design stage, a predictive method is an attractive alternative. 
This method calculates the parameters of AUV dynamic model from the vehicle’s 
dimension and shape, control surfaces (fins), weight distribution and other physical 
components [14]. These techniques make use of potential flow theory, computational 
fluid dynamics (CFD) or empirical formulas to model the dynamics. 
In [15], Nahon proposed a component build-up method. It decomposes the vehicle 
into basic elements, determines drag and lift force for each part, then finds points of force 
application, computes moments and finally sums them to get the whole model. This 
method is easy to apply but may not be accurate enough. Prestero’s model [16, 17] 
adopted the component build-up idea. But with different methods to model forces and 
moments acting on the vehicle, this model is more accurate.  
The modular modeling method proposed in this thesis is similar to the component 
build-up method. But two methods have one big difference. Nahon’s method views the 
vehicle as several components: the hull and the fin. These components are not divided 
into several modules. If some modification occurs on vehicle hull, for example, adding an 
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extra hull for accommodating some special sensors, we need to model the whole hull 
totally again. In this thesis, the method views the vehicle not as functional components, 
but has decomposed the vehicle hull into 3 parts: the nose part, the middle part and the 
tail part, which is based on basic modules. When the modification mentioned above 
occurs, we only need to model the new component, and combine it with the other 
remaining hull components. The remaining module’s data can be used again. And the 
process of combining is fast. Thus, the modular modeling method in this thesis makes 
modeling flexible and improves the efficiency of data use. 
                    
2.2 Control schemes 
The properties of any controller should be good performance and robustness. 
Many types of control schemes have been used to design controllers for AUV. While 
many of the controllers are designed based on a series of SISO linear system models of 
an AUV, a few nonlinear control designs have also been implemented in order to achieve 
better performance and robustness against uncertainties in the modeling of AUV. We will 
discuss some of these controller designs. 
PID controllers are the most widely used industrial controllers found today. 
Analysis methods of linear system are well known and established. Abundant tools are 
also able to determine the performance of linear controllers. PID controllers have all the 
advantages, which include faster rise time, reduce steady state error and damped 
oscillations. However, the dynamic models of the AUV are nonlinear. Before we design 
the PID controllers, linearization about an equilibrium point must be carried out. Healy 
and Marco [18] have designed PD controllers and the control laws have been 
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implemented and verified in experiments. Another design of PID controller for AUV is 
described in [19]. The equations of motion are decoupled into 3 subsystems to make 
implementation of the controllers for the NARE AUV. The performance of the PID 
controllers has been shown to be good, with no comparison be made with other types of 
control methods. In [17], Prestero presented the detailed design of P-PD controller for 
depth control of AUV Remus. 
The theory of optimal control is concerned with operating a dynamic system at 
minimum cost. One of the main methods in this theory is the liner-quadratic regulator 
(LQR). The settings of LQR are found by using a mathematical algorithm that minimizes 
a cost function with supplied weighting factors. The linear quadratic state feedback 
regulator problem is solved by assuming that all states are available for feedback. But this 
is not always true because either there are no available sensors to measure the states or 
the measurements are very noisy. The example of LQR control design for an AUV can be 
found in [20]. 
It is a well-known fact that the form or complexity of a system can be simplified 
by suitable transformations. The basic idea with feedback linearization is to cancel the 
nonlinearities with suitable inputs, and simplify the closed-loop system dynamics into an 
exactly linear system. Then conventional linear system techniques can be applied.  
However, this method of control is not suitable for all nonlinear systems. It is very much 
dependent on the knowledge of precise modeling and the ability to cancel out the 
nonlinearities. An example of the use of feedback linearization in AUV can be found in 
Chellabi and Nahon’s paper [21]. Several simplified examples on feedback linearization 
control for AUVs can also be found in [5].  
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Besides the controllers mentioned above, other control schemes have been 
designed for AUV. Examples of fuzzy logic control of AUV can be found in [22, 23]. 
Yuh [24] proposes the use of neural network control. Logan [25] designs the H∞   
controller for AUV. In addition, many forms of adaptive control design for AUV have 
been presented in literatures. More examples and details related to adaptive controller 
design for AUV can be found in [6, 26].  
In this thesis, there are three control schemes that are selected to control the AUV 
motion based on the model which we obtain by modular modeling method. The three 
control laws are: PID control, state feedback control with LQR method, feedback 
linearization control. PID controllers are used for the linearized model based on the 
nonlinear model built in this thesis, while last two control laws are used to design 
controller directly based on the nonlinear model. The design and analysis of these three 
control laws are presented in detail in this thesis. By proper design and implementation, 
the 3 types of controllers can be useful for application in AUV control.   
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Chapter 3.  AUV Dynamics 
 
To build a dynamic model for AUV, we should analyze AUV’s motion first and 
derive the kinematics model. Then the external forces in the motion equations are 
analyzed and determined, especially the hydrodynamic forces. This chapter introduces 
two coordinate systems which are used to describe the motion of AUVs, and then gives 
the general motion equations of AUVs.   
  
3.1   Coordinate Systems 
3.1.1 Two coordinate systems 
In order to analyze the motion of underwater vehicles, there are two coordinate 
systems needed: earth-fixed (inertial) coordinates and body-fixed coordinates (see Figure 
3.1). Earth-fixed coordinates are used to describe the position and orientation of AUV 
with the x-axis pointing north, the y-axis pointing east, and the z-axis pointing towards 
the center of the earth.  Body-fixed coordinates are used to describe the velocity and 
acceleration of the vehicles. Its origin is usually set at the center of gravity or the center 
of buoyancy. The x-axis is positive towards the bow, the y-axis is positive towards 
starboard, and the z-axis is positive downward [27, 28].  
The motion of underwater vehicles has six DOF, that is, three translations and 
three rotations along x, y and z axes. The notations used in this thesis complie with 
SNAME [29], (see Table 3.1).  
The general motion of vehicles in 6 DOF can be described by following vectors: 
             1 2[ , ]
T T T=η η η ，    1 [ , , ]Tx y z=η   ，    2 [ , , ]Tφ θ ψ=η ； 
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             1 2[ , ]
T T T=v v v   ，   1 [ , , ]Tu v w=v   ，    2 [ , , ]Tp q r=v ；                              (3.1)  
             1 2[ , ]
T T T=τ τ τ ，    1 [ , , ]TX Y Z=τ ，    2 [ , , ]TK M N=τ . 
where η denotes the position and orientation vector in the earth-fixed coordinates, 
v denotes the linear and angular velocity vector in the body-fixed coordinates, τ  
describes the forces and moments acting on the vehicle in the body-fixed frame. 
Table 3.1: The notation of SNAME for marine vehicles 
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Figure 3.1   Earth-fixed coordinates and body-fixed coordinates 
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3.1.2 Coordinates transformation 
When two coordinates are used together to describe the motion of vehicles, it is 
necessary to make clear the relationship of the transformation between two coordinates. 
The following part will introduce the transformation between linear and angular velocity 
vectors in body-fixed coordinates and the position and orientation vectors in earth-fixed 
coordinates. 
 
3.1.2.1 Linear velocity transformation 
The vehicle’s flight path relative to the earth-fixed coordinate system is given by 
a velocity transformation:  
                                               1 1 2 1( )J=η η v                                                                (3.2) 
 where 1 [ , , ]
Tx y z=   η , 1 2( )J η is a transformation matrix which is related to the functions of 
the Euler angles: roll (φ ), pitch (θ ) and yaw (ψ ), see Figure 3.1. 
If the coordinates rotate around the x, y, z axis respectively in earth-fixed 
coordinate system, this yields the following transformation matrices: 






























⎡ ⎤⎢ ⎥= −⎢ ⎥⎢ ⎥⎣ ⎦
           (3.3) 
where sin( )s = ⋅ , cos( )c = ⋅ . 
The above 3 transformation matrices satisfy the following properties: 
                                   det( ) 1C = ;  T TCC C C I= =  ,  1 TC C− =  
We can combine the above 3 rotation transformations to get the transformation 
matrix 1 2( )J η . Let B B BX Y Z  be the body-fixed coordinate system, E E EX Y Z  parallel to 
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earth-fixed coordinate system and its origin coincides with the origin of the body-fixed 
coordinate system. Then, the coordinate system E E EX Y Z  is rotated around x, y, z axes in 
sequence. This yields the body-fixed coordinates B B BX Y Z , (see Figure 3.2). The rotation 
sequence is written as: 
                1 2 , , ,( )
T T T
z y xJ C C Cψ θ φ=η  
                           = 
c c s c c s s s s c c s
s c c c s s s c s s s c
s c s c c
ψ θ ψ φ ψ θ φ ψ φ ψ φ θ
ψ θ ψ θ φ θ ψ ψ φ θ ψ φ
θ θ φ θ φ
− + +⎡ ⎤⎢ ⎥+ − +⎢ ⎥⎢ ⎥−⎣ ⎦
                            (3.4) 
 
Figure 3.2    The rotation sequence for transformation 
3.1.2.2 Angular velocity transformation 
The angular velocity vector 2 [ , , ]
Tp q r=v in body-fixed coordinate system and the 
Euler rate vector 2 [ , , ]
Tφ θ ψ=   η  are related through a transformation matrix 2 2( )J η  
according to: 
                                                   2 2 2 2( )J=η η v                                                            (3.5) 
where the orientation of the body-fixed coordinate system with respect to earth-fixed 
coordinate system is given by:  
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v = 12 2 2( )J
− η η                          (3.6) 
That is, 
                               12 2 2
s


















φ θ φ θ
φ θ φ ψ




               (3.7) 
Through inverse transformation, we can get 2 2( )J η as: 




s t c t
J c s
s c c c
φ θ φ θ
φ φ
φ θ φ θ
⎡ ⎤⎢ ⎥= −⎢ ⎥⎢ ⎥⎣ ⎦
η                                        (3.8) 
where sin( )s = ⋅ , cos( )c = ⋅ , tan( )t = ⋅ . When 90θ = ± D , 2 2( )J η is undefined. In fact, 
because the center of gravity usually does not coincide with the center of buoyancy, a 
reversed torque will be generated to stop increase of the pitch angle and keep the pitch 
angle at an acceptable level. Thus, the situation, 90θ = ± D , is hardly encountered in 
reality. 
Summarizing the results from this section, the transformation can be expressed in 
vector form as: 
                              1 2 3 31 1















                                  (3.9) 
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3.2 Equations of AUV motion 
3.2.1 The general equations of motion  
Based on Newton’s Second Law, we can derive the equation of motion for the 
AUV with the assumption that AUV is a rigid body. 
z Translational Motion 
The translational motion of a marine vehicle is described by: 
                                         = c cp f      m=c cp v                                                         (3.10)                     
where cp is the linear momentum referred to the vehicle’s center of gravity,  cp is the time 
derivatives, cv is the velocity of the center of gravity, cf is the external force, m is the mass 
of the vehicle, m is the mass of the rigid body. 
 
Figure 3.3 The earth-fixed non-rotating reference frame and body-fixed rotating reference frame 
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In Figure 3.3, BO  is the origin of the body-fixed frame, EO  is the origin of the 
earth-fixed frame, CG represents the center of gravity of the rigid body. r , or , Gr and cr  
denote the position vectors, v , Bv and cv denote for the velocity vectors. ω  is the angular 
velocity of the rigid body respect to the earth-fixed coordinates. In following formulas, 
the superscript E represents the vector expressed in earth-fixed coordinates, while 
superscript B represents the vector expressed in body-fixed coordinates.  
From the Figure 1, it is seen that: 
                                           = +E E Ec o Gr r r                                                       (3.11) 
Here the velocity of the center of gravity is: 
                                            E E E Ec c o Gv = r = r + r                                               (3.12) 
here or is the time derivative.  
Considering the time derivatives of an arbitrary vector c  in E E EX Y Z  and B B BX Y Z , we 
can the relationship:  
                                          E B E Ec = c + ω× c                                                     (3.13) 
 By using the fact 0B Gr =  and E Eo ov = r  for a rigid body, we can get: 
                             E B E E E EG G G Gr = r + ω× r = ω× r                                           (3.14) 
Hence, 








r = ω× r
⇒  E E E Ec o Gv = v + ω× r                                       (3.15) 
The acceleration vector can be found as 
                                 E E E E E Ec o G Gv = v + ω× r + ω× r                                          (3.16) 
which yields 
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                   ( )  E B E E E E E E Ec o o G Gv = v + ω× v + ω× r + ω× ω× r                        (3.17)                                   
Substituting this expression into (3.10) finally yields: 
                      ( ( ))m  B E E E E E E E Eo o G G ov + ω× v + ω× r + ω× ω× r = f               (3.18A)        
(3.18A) can be expressed in the body-fixed frame B as: 
                       ( ( ))m  B B B B B B B B Bo o G G ov + ω× v + ω× r + ω× ω× r = f                (3.18B)     
Thus, this is the translational motion equation. 
 
z Rotational motion 
The Rotational motion of a marine vehicle is described by: 
                                      c ch = m ,         c ch = I ω                                                   (3.19) 
Here ch  is angular momentum, cm is the moments referred to the vehicle’s center of 
gravity, ω  is the angular velocity vector and cI  is the inertia tensor about the vehicle’s 
center of gravity. 
In Figure 3.3, the absolute angular momentum about BO  is defined as: 
                                          
V
dVρ= ×∫B B Boh r v                                                    (3.20) 
where ρ  is the mass density of the rigid body. 
Differentiating this expression with respect to time in earth-fixed coordinates yields: 
                                    
V V
dV dV× ×∫ ∫  E E E E Eoh = r vρ + r vρ                                 (3.21)  
The first term on the right-hand side is the moment vector om : 
                                          
V
dVρ= ×∫ E E Eom r v                                                   (3.22) 
From the figure we see that: 
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                                    E E Eov = r + r      ( or   E E E Eov = v + ω× r  )                     (3.23)   
 then                                  E E E or = v - v                                                  (3.24) 
Substituting (3.22) and (3.24) into (3.21) and using the fact that 0× =v v , yields 
                                           
V
dVρ= − × ∫E E E Eo o oh m v v                                       (3.25) 
Or equivalently 
                     ( )
V V
dV dVρ ρ= − × = − ×∫ ∫  E E E E E E E Eo o o o o oh m v v + r m v r          (3.26) 
For a vehicle with constant mass, the distance from the origin BO  of the body-fixed 
coordinate system to the vehicle’s center of gravity can be define as: 




ρ= ∫B BGr r                                                (3.27) 
Differentiate (3.27), in the earth-fixed frame, with respect to time,  
                                                     
V
m dVρ= ∫ E EGr r                                              (3.28) 
Since ×E E EG Gr = ω r ,  equation (3.27) can be expressed as  
                                                   
V
dV mρ = ×∫ E E E Gr ω r                                        (3.27) 
Substituting this result into (3.26) yields 
                                             ( )m= − × ×E E E E Eo o o B Gh m v ω r                               (3.28) 
By using (3.23), (3.20) can be written as: 
                     ( )
V V V
dV dV dVρ ρ ρ= × = × + × ×∫ ∫ ∫E E E E E E E Eo oh r v r v r ω r        (3.29) 
The first term on the right-hand side of this expression can be rewritten by using the 
definition (3.27), that is: 
                             ( )
V V
dV dV mρ ρ× = × = ×∫ ∫E E E E E Eo o G or v r v r v                      (3.30) 
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0I  is the vehicle’s inertia tensor about the origin of body-fixed coordinates: 
0 ( )VI dVρ= × ×∫ r ω rω ,                                       (3.31) 
Thus, (3.29) can be rewritten as:  
                                              E oI ×E E E Eo G oh = ω+ m r v                                         (3.32) 
 Assuming that 0I is constant with respect to time, then 
( ) ( ) ( )E Eo oI I m m= + × + × × + × + ×  E E E E E E E E B E Eo G o G o oh ω ω ω ω r v r v ω v      
                                                                                                                   --------- (3.33) 
Using the relation ( ) ( )× × = − × ×G o o Gr v v rω ω  and eliminating E oh  from (3.28) and (3.33) 
finally yields: 
                     ( ) ( )E Eo oI I m+ × + × + × = E E E E B E E EG o o oω ω ω r v ω v m                    (3.34A) 
(3.34A) is rewritten in body-fixed frame B as: 
                    ( ) ( )B Bo oI I m+ × + × + × = B B B B B B B BG o o oω ω ω r v ω v m                      (3.34B) 
Hence, we have obtained the equation of rotational motion. 
































                                                   (3.35) 
where Gr  is the AUV’s center of gravity in body-fixed coordinates.  
In body-fixed coordinate system, the 6 DOF nonlinear dynamic equations of 
motion can be expressed as [6, 30]. 
                         1 2 1 2 2 2 1( ( ))G Gm + × + × + × × =  τv v v v r v v r , and                              (3.36) 
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                        2 2 0 2 1 2 1 2( ) ( )o GI I m+ × + × + × = v v v r v v v τ                                       (3.37) 
 
where m is the total mass of AUV, and oI  is the inertial tensor of AUV, which is 
symmetric and positive definite: 
                                    
xx xy xz
o yx yy yz
zx zy zz
I I I
I I I I
I I I
⎡ ⎤− −⎢ ⎥= − −⎢ ⎥⎢ ⎥− −⎣ ⎦
,         To oI I= > 0                          (3.38)                    
Here xxI , yyI , and zzI  are the moments of inertia about the BX , BY , and BZ  axes and 
xy yxI I= , xz zxI I= and yz zyI I=  are the products of inertia defined as: 
                 2 2( )xx VI y z dVρ= +∫ ;                           xy VI xy dVρ= ∫              
2 2( )yy VI x z dVρ= +∫ ;                           xz VI xz dVρ= ∫                          (3.39) 
               2 2( )zz VI x y dVρ= +∫ ;                           yz VI yz dVρ= ∫    
with ρ  as the mass density of the body.  
Here the detailed derivation for the formulae (3.36) and (3.37) can be found more in [5] 
[6]. According to (3.35),(3.36)and (3.37),  we can get the general 6 DOF motion 
equations for AUV. The first 3 equations are for translation, the last 3 equations for 
rotation. 
          2 2( ) ( ) ( )G G Gm u vr wq x q r y pq r z pr q X⎡ ⎤− + − + + − + + =⎣ ⎦    
          2 2( ) ( ) ( )G G Gm v wp ur y r p z qr p x pq r Y⎡ ⎤− + − + + − + + =⎣ ⎦    
          2 2( ) ( ) ( )G G Gm w uq vp z p q x rp q y rq p Z⎡ ⎤− + − + + − + + =⎣ ⎦      
          2 2( ) ( ) ( ) ( )xx zz yy xz yz xyI p I I qr r pq I r q I pr q I+ − − + + − + −    
                                    [ ]( ) ( )G Gm y w uq vp z v wp ur K+ − + − − + =                          (3.40) 
          2 2( ) ( ) ( ) ( )yy xx zz xy zx yzI q I I rp p qr I p r I qp r I+ − − + + − + −    
                                    [ ]( ) ( )G Gm z u vr wq x w uq vp M+ − + − − + =   
          2 2( ) ( ) ( ) ( )zz yy xx yz xy zxI r I I pq q rp I q p I rq p I+ − − + + − + −    
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                                    [ ]( ) ( )G Gm x v wp ur y u vr wq N+ − + − − + =          
 
These equations can be expressed in a more compact form as: 
                                                 ( )RB RBM C+ = τv v v                                               (3.41)  
where [ , , , , , ]Tu v w p q r=v is the vector for linear and angle velocity, 
[ , , , , , ]TX Y Z K M N=τ  represents the external forces and moments, RBM  is inertial 
matrix and ( )RBC v is the Coriolis and centripetal matrix.  In the following sections, we 
will mainly adopt this form of motion equations. 
3.2.2 The terms in motion equations 
To build the dynamic model for AUV, the main work is to determine the terms in 
AUV’s motion equations or coefficients related to these factors. This section will 
describe every term in the equations of motion. The following sections will present 
detailed methods for computing or determining these terms. 
• Inertial matrix, RBM  
         The inertial matrix, 6 6RBM R
×∈ , is unique and is a symmetric and positive definite 
constant matrix.   























G G xx xy xz
G G yx yy yz




mz my I I I
mz mx I I I
my mx I I I
−⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎢ ⎥− − −⎢ ⎥⎢ ⎥− − −⎢ ⎥− − −⎢ ⎥⎣ ⎦
                              (3.42) 
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where 3 3I ×  represents 3 3×  identity matrix, ( )S ⋅ represents 3 3× skew-symmetric matrix, 
for example:  
                           
0




G G G G
G G
z y
S S z x
y x
−⎡ ⎤⎢ ⎥= − = −⎢ ⎥⎢ ⎥−⎣ ⎦
r r                                          (3.43) 
 
 
• Coriolis and centripetal matrix, ( )RBC v  
The Coriolis and centripetal matrix ( )RBC v can be parameterized in many ways 
and is usually expressed in skew-symmetric form , that is, TRB RBC C= − : 
                      3 3 1 2
1 2 2
0 ( ) ( ) ( )
( )






mS mS S S I
× − −⎡ ⎤= ⎢ ⎥− + −⎣ ⎦
v v r
v
v r v v
          (3.44) 
 
 
• External forces and moments, τ  
In the motion equations, the external forces and moments vector τ  usually  
includes five components: 
                    RB hydrostatic addedmass drag lift control= + + + +τ τ τ τ τ τ                              (3.45) 
 
where hydrostaticτ is the hydrostatic force, including the gravitational and buoyant forces. In 
the hydrodynamic terminology, these forces are called restoring forces. The 
hydrodynamic forces and moments on the vehicle include three components addedmassτ , 
dragτ and liftτ . addedmassτ  denotes forces generated by added mass; dragτ presents the drag 
forces on the vehicle generated by the fluid;  liftτ  is the lift on the vehicle when AUV has 
an angle of attack. controlτ  is the control force generated by thrusters, which is the main 
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forces to keep AUV moving. In the latter sections for modeling, these components will be 
described more specifically. 
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Chapter 4.  Hull Profile 
 
4.1 Myring hull profile 
The AUV discussed in this thesis adopt the Myring hull profile [17]. This kind of 
hull shape provides more inner space for carrying equipments while keeping the 
streamlined characteristics outside when compared to the torpedo shapes as suggested in 
[33, 34]. This hull shape is axis symmetric and the specific profile is described by the 
equations of radius distribution along the main axis. The origin of these equations is set at 
the front point of the vehicle, the point 0x , (see Figure 4.1). The AUV adopting this kind 
of profile can be divided into 3 modules: the nose section, the middle section and the tail 
section. 
 
Figure 4.1 Myring hull profile and 3 modules 
 
 
Chapter 4 Hull Profile 
 28
The equation of radius distribution along x axis for the nose section is: 











⎡ ⎤− −⎛ ⎞= −⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
                                           (4.1) 
The equation for the tail shape is:  
                2 32 3 2
1 3 tan tan( ) ( ) ( )
2 2t f
d dR x d x l x l
c c c c
θ θ⎡ ⎤ ⎡ ⎤= − − − + − −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦                       (4.2) 
where f offsetl a b a= + − . 
The middle section is a cylinder with constant radius 
2
d . 
In formulae (4.1) (4.2), x  represents the x-axis position with its origin at point 0x ; n  is an 
exponential parameter which can be varied to give different body shapes. In Figure 4.1, a , 
b and c  are the full lengths for the nose section, middle section and tail part respectively; 
offseta  and offsetc  are the offset for the nose part and the tail part respectively; 2θ  is the 
included angle at the tip of the tail; d is diameter of the middle part. 
 
4.2 The essential data of each module 
As referred in above section, the AUV adopting Myring hull profile is composed 
of 3 modules: the nose, the middle section and the tail.  To build the dynamic model for 
AUV, the modular modeling method which is proposed in this thesis is based on the data 
of each module. The data which every module need to provide are as follows: 
im ---- mass of the module (subscript i  for module i )    iV ---- the volume of the module 
il   ---- the full length of the module                                 id ---- the maximum diameter 
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piA ---- top view projected area                                      f iA ---- front view projected area 
iI ---- the inertial tensor with respect to the modular mass center 
 ir  ---- the position vector of modular mass center in modular own coordinates. It shows 
in Figure 4.2, point mO  is the front tip of the middle section and is the origin of the 
module coordinates. If the center of modular mass is on the x-axis and Gmx is its x-axis 
position, [ ]0 0 Tm Gmx=r , the subscript m  represents the middle section.  
    Bir ---- the position vector of modular buoyancy center in the coordinates of the module itself 
which is the similar with ir . 
   1S , 2S ,…, 7S ---- 7 characteristic parameters for each module which are related to the 
calculation of hydrodynamic forces.  
 
  Figure 4.2 the middle section and its own coordinates 
 
Next, we will introduce the 7 charateristic parameters using the nose section as an 
example (see Figure 4.1). In formula (4.1), the origin is set at the point 0x  while the point 
nO  is the origin of the coordinates of the nose section. Thus, transformation of formula 
(4.1) is needed when it is expressed in the nose coordinates:  






x aR x d
a
⎡ ⎤−⎛ ⎞′ = −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
                                     (4.3) 
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Here, the modular own coordinates (like Figure 4.2) are used which helps to improve the 
independence of each module:  the use of the data of one module is not affected by other 
modules’ data because of the independent coordinates. According to formula (4.3), we 
can determine 4 characteristic parameters which are related to the calculation of drag’s 
coefficients: 
                              1 0 ( )
nx
n nS R x dx′= ∫  ,            2 0 ( )nxn nS xR x dx′= ∫ ,                                      
                              23 0 ( )
nx
n nS x R x dx′= ∫ ,         34 0 ( )nxn nS x R x dx′= ∫ ,                               (4.4) 
where nx  is the total length of the nose part. 
The other 3 characteristic parameters have relationship with the computation of 
the added mass. As far as the added mass of the vehicle is considered, we use the strip 
theory to compute. According to the empirical formula given by Newman [7], the added 
mass per unit length of a single cylindrical slice is given as: 
                                                2( ) ( )am x R xπρ=                                                            (4.5) 
where ρ is the density of fluid, ( )R x is the radius distribution function like (4.1), (4.2). 
Considering the nose section, formula (4.5) is changed as: 
                                                  2( ) ( )a nm x R xπρ′ ′=                                                         (4.6)      
Then the other 3 characteristic parameters can be obtained: 
                  5 0 ( )
nx
n aS m x dx′= ∫  ， 6 0 ( )nxn aS xm x dx′= ∫  ， 27 0 ( )nxn aS x m x dx′= ∫               (4.7) 
 
 
Chapter 4 Hull Profile 
 31
4.3 The fin 
At the tail section, there are 4 identical control fins mounted in a cruciform 
pattern near the aft end of the hull, see Figure 4.3. The fins can either be viewed as the 
components of the tail part or independent modules because the lift forces on the fins are 
the main external forces to control the AUV’s attitude of motion. In this thesis, the fins 
have a NACA 0012 cross-section. Table 4.1 gives the relevant parameters of the fins. 
 
Table 4.1 parameters of the fin  
parameter         description                        parameter            description         
 
           finS          Planform area                               t                    Fin taper ratio 
           finb          Span                                              meanr      Mean fin height above vehicle centerline 
          finx          Moment arm wrt the origin           meanc              Mean chord length 
          fina       Max fin height above centerline        a                 Lift slope parameter 
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Chapter 5.  Modular Modeling  
 
The modular modeling method builds the whole dynamic model of the AUV 
based on its basic modules. By use of the essential data of each module, external forces 
and the relevant coefficients of the motion equations can be calculated. Then the whole 
dynamic model can be determined. It enables the flexibility of modeling and the 
efficiency of data used. If the modules and their basic data are given, the dynamic model 
for AUV can be computed through combining these modules. When a module of the 
composed AUV is changed for different tasks requirement, the new dynamic model of 
the reconfigured AUV can be derived with the essential data of the added new module. 
This chapter will describe the computation of every term or hydrodynamic 
coefficients in the AUV’s dynamic model by use of the modular modeling method. In the 
following modeling process, the origin of body-fixed coordinate system is set at the 
center of buoyancy of the AUV. 
 
5.1 Computation of matrices in motion equations 
Recalling from equations (3.42) and (3.44), the inertial matrix RBM  and the 
Coriolis and centripetal matrix ( )RBC v  can be determined by the total mass m , the total 
inertial tensor oI  and the mass center Gr  of the AUV in body-fixed coordinate frame.  
Assuming that the AUV is composed of n  modules with their individual 
mechanical properties given, we can calculate m , oI  and Gr  by following procedure. 
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A. Calculation of overall mass and volume 
The total mass m  and the total volume V can be determined respectively as: 














= ∑                                           (5.1)        
where im  and iV  are the basic data of the modules 
B. Determination of the position vector of center of mass 
The position vector Gr  of the mass center of the vehicle is defined with respect to 
the front tip point 0x of the hull (see Figure 4.1). 
For each module, we knew the position vector ir  of the mass center with respect 
to its own coordinates frame. By transformation, we can get the position vector ir  from 
the vector ir . ir  is respect to the front point 0x . Then, by use of vector ir , the position 
vector Gr can be obtained: 









r                                                                   (5.2) 
C. Determination of position vector of center of buoyancy  
The method is similar to Step B. Through the transformation from the position 
vector Bir  of buoyancy center for each module, we can get the vector Bir  with respect to 
the front point 0x . Then the vector Br  is: 









r                                                               (5.3) 
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D. Computing of center of mass with respect to body-fixed frame  
To compute the position vector Gr  of mass center of the vehicle in body-fixed 
coordinate system, we set the buoyancy center of the vehicle as the origin of the body-
fixed frame.  Hence, the center of mass can be calculated as 
                                                      G G B= −r r r                                                               (5.4) 
E. Calculating the inertial tensor of the whole vehicle 
          The position vector i′r  of mass center of module i  with respect to the mass center 
of the whole vehicle is: 
                                                           i i G′=r r - r                                                            (5.5) 
According to the parallel axes theorem，in one dimension: 
 2CGI I md= +                                                       (5.6) 
where CGI  is the inertial tensor of the rigid body respect to the coordinates with origin 
point at the center of gravity, I is the inertial tensor respect to a coordinates system 
parallel to former one with the distance d .  
For three dimensions, the parallel axes theorem can be expressed as: 
                                  3 3( ) ( ) ( )
T T
CG G G CG G G G GI I mS r S r I m r r r r I ×= − = − −                         (5.7) 
where 3 3I ×  is the identity matrix,  Gr  is the distance between new origin point and the 
center of gravity, ( )GS r  is defined in (3.43).  
By using formula (5.7), we can transfer the value of the inertial tensor iI  of each module 
into the same coordinates, body-fixed coordinates, (the inertial tensor iI  which is one of 
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the essential data is determined in the modules’ own coordinates, which are parallel to the 
body-fixed coordinates but with their origins at the each module’s center of gravity).  
                                                     3 3( )
T T
i i i i i i iI I m I ×′ ′ ′ ′ ′= + −r r r r                                         (5.8) 
where iI ′  represents the inertial tensor  of module i referred to the body-fixed coordinates. 
For all the inertial tensor iI ′  are in the same coordinates, we can compute the sum of them 
and get oI  as: 







′= ∑                                                                (5.9) 
Where oI  is the inertial tensor of the whole vehicle referred to the body-fixed coordinates. 
In fact, the inertial tensor oI  of the whole vehicle is computed with respect to 
mass center of the vehicle, not with respect to the origin of body-fixed coordinates, that is, 
the buoyancy center of the vehicle. In reality, the distance between the mass center and 
the buoyancy center is small so that the difference of the inertial tensors computed with 
respect to both centers is relatively small. On the other hand, the method of calculating 
the inertial tensor oI  with respect to mass center by use of the parallel axes theorem is 
much easier than that with respect to the buoyancy center. Thus, the approximate method 
of computing the inertial tensor 0I  is adopted. In practical application, the non-diagonal 
terms in the inertial tensor matrix are usually ignored for their very small value 
comparing to that of the diagonal terms. We can express the inertial tensor as: 










⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
                                                        (5.10) 
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According to above steps, the values of m , 0I  and Gr  can be calculated by use of the 
essential data of every module. Then, substituting these values into the matrices RBM  
and RBC , the two matrices are determined. 
 
5.2 Hydrostatic forces 
Hydrostatic force includes the gravity part and the buoyancy part. From (5.1), we 
can get: 
                                                  W mg= ,           B gVρ=                                           (5.11) 
where W is the gravity, B is the buoyancy, g is the gravitational acceleration, ρ is the 
mass density of the fluid. We will now be discussing the two parts in more detail. 
 
5.2.1 The component of gravity 
In earth-fixed coordinate system, the vector form of the gravity is: 
                                              [ ]0 0 TG W=τ                                                            (5.12) 
By transformation, the gravity Gτ  can be expressed in the body-fixed coordinates. By use 
the transformation equation (3.2) and the transformation matrix (3.4), we can get the G′τ  
which is the gravity vector expressed in body-fixed frame. 
                             11 2( )G GJ
−′ =τ τη  
                                   = 
0
0
c c s c s
s c c s s c c s s s c s
s s c c s c s s s c c c W
ψ θ ψ θ θ
ψ φ ψ θ φ ψ θ φ θ ψ θ φ
ψ φ ψ φ θ ψ φ θ ψ φ θ φ
−⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥− + +⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥+ − +⎣ ⎦ ⎣ ⎦
             (5.13) 
Chapter 5 Modular Modeling 
 37







−⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
                                                        (5.14) 
In body-fixed coordinates the gravity G′τ  will generate moments with respect to the origin: 




x s W y c c W z c s W
y c s W z s W x c c W
z c c W x c s W y s W
θ θ φ θ φ
θ φ θ θ φ
θ φ θ φ θ
− −⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥× = − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥+⎣ ⎦ ⎣ ⎦ ⎣ ⎦
                             (5.15) 
where Gr  is the position vector of mass center in body-fixed coordinates. 
Combining (5.14) (5.15), the component of hydrostatic force generated by gravity is: 







y c c W z c s W
z s W x c c W




θ φ θ φ
θ θ φ
θ φ θ
−⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥−⎢ ⎥⎢ ⎥− −⎢ ⎥+⎢ ⎥⎣ ⎦
τ                                              (5.16) 
 
5.2.2 The component of buoyancy 
In earth-fixed coordinates, the vector form of the buoyancy is: 
                                              [ ]0 0 TB B= −τ                                                            (5.17) 
where the buoyant force is negative because its direction is opposite to that of z-axis. 
Similar with the gravity, the buoyancy in body-fixed coordinates is: 
                                   11 2( )B BJ







⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
                                                     (5.18)                   
And the moments generated by the buoyancy are: 
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y c c B z c s B
z s B x c c B
x c s B y s B
θ φ θ φ
θ θ φ
θ φ θ
− +⎡ ⎤⎢ ⎥+⎢ ⎥⎢ ⎥− −⎣ ⎦
                                      (5.19)  
where [ ]b b b bx y z=r , it is the position vector of the buoyancy center in body-fixed 
coordinates. 
Combining (5.18) (5.19), the component of hydrostatic force generated by the 
buoyancy is: 







y c c B z c s B
z s B x c c B




θ φ θ φ
θ θ φ
θ φ θ
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−= ⎢ ⎥− +⎢ ⎥⎢ ⎥+⎢ ⎥− −⎢ ⎥⎣ ⎦
τ                                              (5.20) 
5.2.3 Combining two components 
Summing two components described above, hydrostatic force hydrostaticτ can be 
obtained:  




( ) ( )
( ) ( )
( ) ( )
G b G b
G b G b
G b G b
W B s
W B c s
W B c c
y W y B c c z W z B c s
z W z B s x W x B c c




θ φ θ φ
θ θ φ
θ φ θ
− −⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎢ ⎥− − −⎢ ⎥⎢ ⎥− − − −⎢ ⎥− + −⎢ ⎥⎣ ⎦
                    (5.21)         
In above sections, we have referred that the origin of body-fixed coordinate 
system is set at buoyancy center of the vehicle. Thus, [ ] [ ]0 0 0b b b bx y z= =r . 
Observing (5.21), the gravityW , the buoyancy B , the center of gravity Gr and the center 
of buoyancy br  are all known. That is to say, hydrostatic force can be determined. In 
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addition, if the origin of body-fixed coordinate system is not set at the center of buoyancy, 
we can also calculate the values of Gr  and br  through the procedure listed in section 5.1 
and determine hydrostatic force hydrostaticτ . 
 
5.3 Hydrodynamic forces 
In the process of dynamic modeling of the AUV, the part of analyzing and 
modeling hydrodynamic forces is most difficult. Hydrodynamic forces are related to the 
velocity and acceleration of the vehicle. In fact, to model hydrodynamic forces is to 
determine relevant coefficients of these forces. After getting the values of these 
coefficients, we can compute hydrodynamic forces according to empirical formulae if we 
have already known the velocity and acceleration of the AUV [33, 34, 35].  During 
movement, the hydrodynamic forces on the AUV can be interpreted into 3 parts: the 
forces due to added mass, drag forces and lift force. In the following sections, we will 
describe how to use the modular modeling method to calculate coefficients of these 
forces. 
 
5.3.1 Drag  
In fluid dynamics, drag (sometimes called resistance) is the force that resists the 
movement of a solid object through a fluid. Drag is made up of friction forces and 
pressure forces. For more detail, types of drag are generally divided into four categories: 
radiation-induced potential damping due to forces body oscillation, skin friction, wave 
drag and drag due to vortex shedding. In this chapter, we will analyze the force of drag in 
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two directions:  drag parallel to x-axis, which is the axial drag; drag perpendicular to x-
axis, which is the crossflow drag. When AUV moves in 6 DOF with high speed, 
hydrodynamic forces on it are coupled and highly non-linear. In order to simplify the 
modeling process, we will make the following assumptions: 
• Neglect the linear and angular coupled terms. We will assume the terms such as 
rvY  are relatively small. Here the notation of SNAME is used. For instance, the 
hydrodynamic drag force Y ′  along the y-axis due to a linear velocity v  in y-
direction and a angular velocity r in z-direction is:  
                                                  rvY Y rv′ =   
where rvY  is the nonlinear coefficient. 
• Assume the vehicle is axis-symmetry and ignore the vehicle asymmetry caused 
by the sonar transducer outside the hull. This allows us to neglect the drag-
induced moments due to the asymmetric characteristics such as v vK  and u uM . 
Because the drag always apposes motion of the underwater vehicle, the drag 
should be negative. We adopt the absolute form such as u u  rather than 2u in 
order to result in the proper sign.    
• Ignore any drag terms greater than second-order. This will allow us to drop such 
higher-order terms as vvvY . The reason is that the velocities except surge u  are 
relatively small and three-order or higher of these velocities are much smaller.  
 
5.3.1.1   Axial drag coefficient 
The axial drag along x-axis can be computed according to following empirical 
relationship: 
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                                          1( ) | |
2 d f
X c A u uρ= −                                                    (5.22) 
This equation gives the non-linear drag coefficient: 
                                             1
2 d fu u
X c Aρ= −                                                         (5.23) 
where ρ is the fluid density, fA is the front-view projected area, dc  is the axial drag 
parameter of the vehicle which can also be obtained by some empirical formula. We will 
next present how to use the basic data of modules to compute u uX . 
• The front-view projected area, fA  
      As one of essential data for each module,  f iA  has been given. We can compute fA  
by: 
                                             max( )f f iA A=                                                             (5.24) 
• The axial drag parameter, dc  
      There are several books which provide the empirical formulae for calculating the 
axial drag parameter dc . Here we choose one of them which is more reasonable for AUVs 
with Myring hull profile according to experiments by Prestero [17].   
                                      3[1 60( ) 0.0025( )]ss pd
f
c A d dc
A l l
π= + +                                   (5.25) 







= ∑ , which is the top-view projected area. d is the maximum 




l l=∑ . ssc is 
Schoneherr’s value for flat plate skin friction, which can be obtained as an estimate from 
Principle of Naval Architecture [36, 37].  
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To sum up, by use of basic data of AUV’s each module, we can compute the axial 
drag coefficient u uX  modularly and then determine the axial drag. 
 
5.3.1.2 Crossflow drag coefficients 
Crossflow drag includes two parts: the hull crossflow drag and the fin crossflow 
drag. The method used to calculate hull crossflow drag is similar to strip theory which is 
used to compute the hull added mass: assuming the vehicle hull as a series of unit length 
two-dimensional cylindrical cross-sections, the hull drag is approximated as the sum of 
the drags on these cross-sections. 
We will next use the hull profile described in Chapter 4 to explain how to 
compute the crossflow drag coefficients. Note that the subscripts, n , m and t , are used to 
denote the nose section, the middle section and the tail section respectively. The specific 
procedures are as follows: 
A. Compute 0nx , 0mx  and 0tx , which denote the distance along x-axis between the 
origin points, nO , mO , tO , for three sections respectively and the origin BO  of the 
vehicle, see Figure 4.1. 
B. Calculate nonlinear crossflow drag coefficients by characteristic parameters 
                         1 1 1( )dc n m t fin dfv v w wY Z c S S S S cρ ρ= = − + + −                                       
                      2 2 2( )dc n m tw w v vM N c S S Sρ= − = − + + −  
                                                  0 1 0 1 0 1( )dc n n m m t t fin df finc x S x S x S S c xρ ρ+ + −                      
    3 3 3 0 2 0 2 0 2( ) 2 ( )dc n m t dc n n m m t tr r q qY Z c S S S c x S x S x Sρ ρ= − = − + + − + + −        
                            
0 0 0
2 2 2
1 1 1( )n m tdc n m t fin df fin finc x S x S x S S c x xρ ρ+ + −                             (5.26)         
   4 4 4 0 3 0 3 0 3( ) 3 ( )dc n m t dc n n m m t tq q r rM N c S S S c x S x S x Sρ ρ= = − + + − + + −  
                         
0 0 0 0 0 0
2 2 2 3 3 3 3
2 2 2 1 1 13 ( ) ( )n m t n m t findc n m t dc n m t fin dfc x S x S x S c x S x S x S S c xρ ρ ρ+ + − + + −  
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where ρ is the fluid density, dcc is the drag coefficient of a cylinder which can be 
obtained an estimate from [38]. dfc is the crossflow drag coefficient of fins, which can be 
computed by the formula 0.1 0.7dfc t= + , t  is the fin taper ratio. Note that the sign S  in 
above equations denotes the characteristic parameters which are introduced in section 4.2. 
        C. rolling drag  
 As the AUV in this thesis is axis-symmetric, we assume that the drag resistance is 
mainly from the crossflow drag of fins when the vehicle is rolling. 
                                             3 | |K fin df meanF S c r p pρ=                                              (5.27) 
And the non-linear rolling drag coefficient is: 
                                              3fin df meanp pK S c rρ=                                                    (5.28) 
where meanr is the mean fin height above the vehicle centerline. 
 
 
Observing above formulae in this section, it is easy to see that all of the drag 
coefficients can be computed by the basic data from every module. Considering (5.26), if 
one module of AUV is changed, as far as basic the characteristic parameters iS  of the new 
module are known, we can substitute the new use iS  into formula (5.26) and then the 
coefficients can be determined quickly. This is the advantage of modular modeling. 
 
5.3.2 Added mass 
In fluid mechanics, an accelerating or decelerating body must move some volume 
of surrounding fluid as it moves through it, since the object and fluid cannot occupy the 
same physical space simultaneously. In fact, the vehicle moving through the fluid will 
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force the whole fluid to move together. However, the amplitudes will decay far away 
from the body and may therefore be negligible. This phenomenon equals to add inertia to 
the vehicle system and the added inertial is called added mass. For simplicity this can be 
modeled as some volume of fluid moving with the vehicle, though in reality “all” the 
fluid will be accelerated.  
On the other hand, there is a pressure distribution on the outside surface of the 
AUV when it moves through the fluid. According to Bernoulli equation, the pressure ∆P 
on the outside surface ∆S is determined by the fluid particle velocity around this area and 
depth of the fluid. The external forces and moments due to the pressure are considered to 
be the forces and moments generated by added mass. 
The six components of the force and moment vectors which are represented by 
the integrals of the pressure over the body surface are: 




F P dS= ∫∫ n                                                       (5.29) 




M P dS= ×∫∫ r n                                                 (5.30) 
where P is the pressure at surface dS , the normal vectorn  is taken to be positive when 
pointing out of the fluid volume and hence into the body. r  is the position vector of dS  
in body-fixed coordinates. BS  represents the whole area of AUV’s outside surface. 
After a series of derivation from formulae (5.29) (5.30)  (the detailed derivation is 
not shown here. The interested reader is referred to Newman [7] for more information), 
we can get: 
                    j i ij jkl i k liF U m U mε= − − Ω                                                                        (5.31)          
             3, 3,j i j i jkl i k l i jkl i k liM U m U m U U mε ε+ += − − Ω −                                           (5.32)  
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                      ( j , k , l =1, 2, 3;   i＝1, 2 , …, 6 ;) 
where ijm  is added mass coefficient. 1 2 3( , , )U U U U= , represents 3 linear velocities; 
1 2 3 4 5 6( , , ) ( , , )U U UΩ = Ω Ω Ω = , represents 3 angular velocities. 
When the indices jkl are in cyclic order 123 , 231,312 , 1jklε = ; 
When the indices jkl are in cyclic order 132 , 213,321, 1jklε = − ; 
If any pair of the indices are equal, 0jklε = . 
Recalling the equation of motion (3.41), the left hand side represents the motion 
characteristic of AUV with mass m . Similarly, the effect of added mass can also be 
expressed as: 
                                         addedmassτ ＝ ( )A AM C+v v v                                                     (5.33) 
where,   
11 12
21 22
u v w p q r
u v w p q r
u v w p q r
A
u v w p q r
u v w p q r
u v w p q r
X X X X X X
Y Y Y Y Y Y
Z Z Z Z Z ZA A
M
K K K K K KA A
M M M M M M
N N N N N N
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎡ ⎤= = ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
     
     
     
     
     
     
                                 (5.34)    
3 3 11 1 12 2
11 1 12 2 21 1 22 2
0 ( )
( )
( ) ( )A
S A A
C
S A A S A A
× − +⎡ ⎤= ⎢ ⎥− + − +⎣ ⎦
v v
v
v v v v
                                 (5.35) 
               and                TA AM M=  ,           ( ) ( )TA AC C= −v v       
The terms in the inertial matrix AM  are added mass coefficients, which are the same with 
ijm  in (5.31), (5.32). For AUVs, the added mass coefficients are constant. Here we adopt 
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the notation of SNAME. For instance, the hydrodynamic added mass force  aY  along the 
y-axis due to acceleration u  in x-direction is written as: 
                                                  a uY Y u=                                                                         (5.36) 
where uY  is the corresponding added mass coefficient. 
As referred above, the AUV is axis-symmetric. Therefore, inertial matrix AM  can be 
simplified as [39]: 
                               
0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 0
0 0 0 0






















                                      (5.37) 
Observing (5.37), in fact, there are only 8 different terms of added mass coefficients 
because of symmetry of the matrix AM . 
         A. Added mass coefficient in axial direction  
         For determining axial added mass coefficient uX  , we can adopt the empirical 
formula given by Bevins [39] which is for axial added mass coefficient of an ellipsoid: 
                                         211
4 ( )( )
3 2 2u
l dX m αρπ= − = −                                           (5.38) 
where l  is the total length of AUV, d  is the maximum diameter of the hull. These two 
terms have been introduced before. α  is empirical parameter, which is determined by the 
ratio of the vehicle length to the diameter as shown is table 5.1. 
                                      Table 5.1   Empirical parameter α  
 
/l d    0.1      0.2       0.4      0.6       0.8      1.0     1.5      2.0      2.5       3.0          5.0          7.0  
 
   α    6.148   3.008  1.428  0.9078  0.6514  0.5  0.3038  0.21  0.1563  0.122  0.05912  0.03585 
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           B. Crossflow added mass coefficients 
           The vehicle added mass can be calculated using strip theory on both cylindrical 
and cruciform hull cross section. Generally, strip theory means that added mass of a 
cylinder is equal to the sum of added mass of unit length cylindrical slices. By use of the 
empirical formula given by Newman [7] , the added mass per unit length of a cylindrical 
slice is: 
                                             2( ) ( )am x R xπρ=                                                     (5.39) 
where ρ  is the fluid density, ( )R x is the radius of the cylindrical slice. 
Considering the tail shape of AUV, there are cruciform fins fixed. The added mass of a 
circle with fins is given in Blevins [39] as: 




( )( ) ( ( ) )af fin
fin
R xm x a R x
a
πρ= − +                               (5.40) 
where fina  is the maximum height above the centerline of the vehicle fins. 
In section 4.2, the characteristic parameters of each module, 5S , 6S , 7S  are 
computed by use of ( )am x , ( )afm x . Next, we will describe how to compute the crossflow 
added mass coefficients by these characteristic parameters. 
  5 5 5( )v n m tY S S S= − + +                                                      
                               w vZ Y= ， 
                              6 6 6 0 5 0 5 0 5( ) ( )w n m t n n m m t tM S S S x S x S x S= + + + + +        
                               q wZ M=  ，      v r wN Y M= = −    ，                                          (5.41) 
                               7 7 7 0 6 0 6 0 6( ) 2( )q n m t n n m m t tM S S S x S x S x S= − + + − + + −  
                                        
0 0 0
2 2 2
5 5 5( )n m tn m tx S x S x S+ +                                             
                                r qN M=   
where 0nx , 0mx , 0tx  have been introduced in section 5.3.1.2. 
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Because the tail profile of AUV has cylinder shape and cruciform shape, 
calculation of the characteristic parameters of the tail needs both terms ( )am x  and 
( )afm x  which means that the formulas are more complex. Here, we list the formulas for 
computing these characteristic parameters for the tail section. See Figure 5.1, the origin 
of the tail part is point tO . fx and 2fx  are the distances from front-tip point of the fin and 
end-tip point of the fin to the origin.  
   2
2
5 0
( ) ( ) ( )f f t
f f
x x x
t a af ax x
S m x dx m x dx m x dx= + +∫ ∫ ∫  
                       2
2
6 0
( ) ( ) ( )f f t
f f
x x x
t a af ax x
S xm x dx xm x dx xm x dx= + +∫ ∫ ∫                        (5.42) 




( ) ( ) ( )f f t
f f
x x x
t a af ax x
S x m x dx x m x dx x m x dx= + +∫ ∫ ∫  
 
 
Figure 5.1 the profile of tail section 
 
 
         C. Rolling added mass 
          For the axis symmetry of AUV, we assume that the smooth section of the vehicle 
do not generate any added mass in roll. Given this assumptions, we need only consider 
the hull section containing the vehicle control fins. Here, we adopt the empirical formula 
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given by Belvins [38] to compute the added mass coefficient of a circle with cruciform 
fins. 




K a dxρπ= −∫                                               (5.43) 
where fa  is the fin height above the vehicle centerline. 
Until now, we have determined all of the added mass coefficients by modular 
modeling method and empirical formulae. Expanding (5.33), we can get: 
                 
2 2
( ) ( )
( ) ( )
A u w q v r
A v r u w q
A w q u v r
A p
A w q w u r p r q
A v r u v q p q
X X u Z wq Z q Y vr Y r
Y Y v Y r X ur Z wp Z pq
Z Z w Z q X uq Y vp Y rp
K K p
M M w M q Z X uw Y vp K N rp Z uq
N N v N r X Y uv Z wp K M pq Y
= + + − −
= + + − −
= + − + +
=
= + − − − + − −
= + − − + − − +
    
    
    

       







             (5.44) 
Substituting known added mass coefficients into above equations, we obtain the forces 
and moments generated by added mass in 6 DOF. 
For simplicity, the terms like ( )u vX Y uv−   in (5.44) can be expressed in another 
form: 
           wq wX Z=     qq qX Z=     vrX Y= −    rr rX Y= −   
            ur uY X=       wp wY Z= −    pq qY Z= −   
           uq uZ X= −     vp vZ Y=      rp rZ Y=                                                  (5.45) 
           ( )uwa w uM Z X= − −      vp rM Y= −       ( )rp p rM K N= −      uq qM Z= −         
           ( )uva u vN X Y= − −      wp qN Z=         ( )pq p qN K M= − −      ur rN Y=   
 
5.4 Lift  
When the vehicle is moving through the fluid at an angle of attack, the fluid will 
be separated. The pressure on the upper surface of the vehicle is decreased and the 
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pressure on the lower surface is increased. Thus, lift is generated which is perpendicular 
to the direction of the external flow approaching the vehicle. If the effective point which 
the lift is applied at does not coincide with the origin of body-fixed coordinates, a 
moment will be generated. In this section, we will model the lift for the vehicle body and 
fins respectively.  
 
5.4.1 Body lift 
For computing the lift of the vehicle body, we adopt the empirical formula given 
by Hoerner [40] 
                                           2 21
2body yd
L d c uρ= −                                                     (5.46) 
where u is the surge velocity. ydc  is the body lift coefficient given by 




ββ=                                                                 (5.47) 
where β  is the vehicle angle of attack in radians. Noting that 
                                       tan w w
u u
β β= → ≈                                                           (5.48) 
                          and        ( )yd yd y
dc lc c
d dβ ββ = =                                                          (5.49)  
where l  is the total length of the vehicle, d  is the maximum diameter of the vehicle. 
Hoerner states that, for 6.7 10l
d
≤ ≤ ,  0.003yc β = , by  substituting (5.49) into (5.46), the 
body lift can be evaluated as 
                                      21
2body yd
L d c uwβρ= −                                                         (5.50) 
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Thus, the body lift coefficients are 
21
2uvl uwl yd
Y Z d c βρ= = −                                                       (5.51) 
As estimated by Hoerner [40], the lift force is usually centered at a point which is about 
at 0.65 of the total body (Ellipsoid type) length from the nose. According to this 
estimation, we can easily get the moment arm cpx  with respect to the origin of body-fixed 
coordinates, and the moments are: 
                                          21
2uwl uvl yd cp
M N d c xβρ= − = −                                        (5.52) 
5.4.2 Fin lift 
For the AUV discussed in this thesis, its motion is mainly controlled by the fins, 
two horizontal fins (stern planes) and two vertical fins (rudders). Specifically, the 
direction and orientation of the AUV is controlled by changing the deflection of fins and 
then the forces and moments on the vehicle will be changed accordingly. 
For the control fins, the empirical formula for lift is: 
                                        21
2fin L fin e e
L c S vρ δ=                                                     (5.53)                                   
                                       fin fin finM x L=                                                               (5.54) 
where Lc  is lift coefficient of the fins, eδ  is the effective fin angle in radians, ev  is the 
effective fin velocity, finx  is the axial position  of the fin post in body-fixed coordinates. 
The lift coefficient can be computed by L Lc c αα= .α  is the effective fin angle of attack. 
Lc α is lift slop which can be computed by the formula given in Hoerner [40].  







−⎡ ⎤= +⎢ ⎥⎣ ⎦
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where α  a factor whose estimated value is given by Hoerner. eRA is  the effective fin 
aspect ratio. 
As the fin is located away from the origin of body-fixed coordinates, its effective 
velocity is: 




u u z q y r
v v x r z p




                                                     (5.55) 
where finx , finy , finz  represent the position of the fin post in body-fixed coordinates. 
Considering the hull profile of the AUV, finy  and finz  are relatively smaller than finx . And 
the velocities, such as v , r , p and q , are much smaller than the surge velocity u . Thus, 
we neglect the terms containing finy , finz  in (5.55). 
The fin effective angle can be expressed as: 





= +                                                             (5.56) 
where subscript r  represents the vertical fins, or rudders, subscript s  represents 
the horizontal fins, or stern planes. rδ , sδ  are the fin angles referenced to the vehicle hull. 
reβ , seβ  are the effective angles of attack of the fin zero plane (see Figure 5.2 and 5.3). 
                  
                                     Figure 5.2    Effective rudder angle of attack  
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                        Figure 5.3    Effective stern plane angle of attack 
 



















                                             (5.57) 
Substituting (5.53), (5.54), (5.55) into (5.51), (5.52), we can get the fin lift and moments: 
21 [ ( )]
2r L fin r fin
Y c S u uv x urαρ δ= − −  
                                   21 [ ( )]
2s L fin s fin
Z c S u uw x uqαρ δ= + −                                          (5.58) 
                                   21 [ ( )]
2s L fin fin s fin
M c S x u uw x uqαρ δ= + −  
21 [ ( )]
2r L fin fin r fin
N c S x u uv x urαρ δ= − −  
Thus, the lift coefficients are: 
                    
ruu uvf L fin
Y Y c Sδ αρ= − =  
                                     
suu uwf L fin
Z Z c Sδ αρ= − = −                                                         (5.59) 
                                     urf uqf L fin finY Z c S xαρ= − = −  
And moment coefficients are: 
               
suu uwf L fin fin
M M c S xδ αρ= =  
                                     
ruu uvf L fin fin
N N c S xδ αρ= − =                                                     (5.60) 
                                    2uqf urf L fin finM N c S xαρ= = −  
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5.5 Thrust force 
When we use fins to control the motion of the AUV, the vehicle must maintain a 
surge speed. The propeller is used to generate energy to provide the surge force and then 
keep the vehicle moving ahead. Of course, the number of propellers mounted on the 
vehicle can be more than one. In the modeling process, we view the propeller as a special 
module and model it independently. 
The thrust force generated by a propeller can be computed by [41]: 
                                                   41 ( )
2 T p p
T D K Jρ ω ω=                                             (5.61) 
When the propeller generates the thrust force, it will generate an additional moment at the 
same time: 
                                                 51 ( )
2p T p p
D K Jτ ρ ω ω=                                             (5.62) 
where ρ  is the fluid density, pω is rotating rate of the propeller, D is the propeller 
diameter, TK  is the thrust coefficient, a
p
VJ
Dω=  is the advance number. aV  is the advance 
speed at the propeller (speed of the water going into the propeller), which has a 
relationship with surge velocity u : 
                                                       (1 )aV uα= −                                                         (5.63) 
where α  is the wake fraction number (typically: 0.1~0.4). 
We now know the thrust force and additional moment from a single propeller. 
Assuming that there are n propellers mounted on the AUV and each propeller’s location 
is tir . According to (5.61) and (5.62), we can compute the whole forces and moments 
generated by propellers in 6 DOF. 
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= + ×∑                                             (5.65) 
where 3 1F ×  represents the forces in x, y and z directions; 3 1M ×  represents the moments in 
x, y and z directions. 
 
5.6 The whole model 
In section 5.1, we calculate the matrices at the left hand side of the equation of 
motion. From section 5.2 to 5.5, we use the modular modeling method to determine 
external forces and moments on the AUV. Now, we combine them together to obtain the 
whole model. 
 
5.6.1 Combining the coefficients 
In above sections, we have given a lot of coefficients which belongs to different forces. 
Here, we combine these coefficients together.  
                                              uv uvl uvfY Y Y= +                                           
                                              ur ura urfY Y Y= +  
                                              uw uwl uwfZ Z Z= +  
                                              uq uqa uqfZ Z Z= +  
                                             uw uwa uwl uwfM M M M= + +                                            (5.66) 
                                             uq uqa uqfM M M= +  
                                             uv uva uvlN N N= +  
                                             ur ura urfN N N= +  
where subscript l  represents body lift force, subscript f represents fin lift force, subscript 
a represents for added mass coefficients. 
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5.6.2 The total force and moment 
Combining hydrostatic force, lift force, added mass force, body lift and fin lift, we 
can get the total force and moment: 
    | | | |  res u u u wq qq vr rr propX X X u u X u X wq X qq X vr X rr X= + + + + + + +       
    2| | | || |  | | rres v v r r v r ur wp pq uv uu rY Y Y v v Y r r Y v Y r Y ur Y wp Y pq Y uv Y uδ δ= + + + + + + + + +    
   | | | || | | |res w w q q w q uq vpZ Z Z w w Z q q Z w Z q Z uq Z vp= + + + + + +    
                2
srp uw uu s
Z rp Z uw Z uδ δ+ + +  
   | | | |res p p p propK K K p p K p K= + + +                                                                             (5.67) 
  | | | | | | | |res w w q q w q uqM M M w w M q q M w M q M uq= + + + + +                 
                2
svp rp uw uu s
M vp M rp M uw M uδ δ+ + + +  
  | | | | | |  | |res v v r r v r ur wpN N N v v N r r N v N r N ur N wp= + + + + + +    
                2
rpq uv uu r
N pq N uv N uδ δ+ + +    
In above equations, the left hand side represents forces and moments in six dimensions. 
In right hand side, subscript res  represents hydrostatic forces. The AUV discussed in this 
thesis has only one propeller at the tail which generates the thrust force propX  and 
additional moment propK . 
5.6.3 The whole model 
Combining (3.40) and (5.67) and assuming the off-diagonal terms of inertial 
tensor oI  are zero, we can obtain the whole model. 
Translation along x-direction: 
           2 2( ) ( ) ( )G G Gm u vr wq x q r y pq r z pr q⎡ ⎤− + − + + − + + =⎣ ⎦    
                             | | | |  res u u u wq qq vr rr propX X u u X u X wq X qq X vr X rr X+ + + + + + +   
        Translation along y-direction: 
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           2 2( ) ( ) ( )G G Gm v wp ur y r p z qr p x pq r⎡ ⎤− + − + + − + + =⎣ ⎦    
                             
| | | |
2
| |  | |
r
res v v r r v r ur
wp pq uv uu r
Y Y v v Y r r Y v Y r Y ur
Y wp Y pq Y uv Y uδ δ
+ + + + +
+ + + +
  
 
        Translation along z-direction: 
           2 2( ) ( ) ( )G G Gm w uq vp z p q x rp q y rq p⎡ ⎤− + − + + − + + =⎣ ⎦      
                             
| | | |
2
| | | |
s
res w w q q w q
uq vp rp uw uu s
Z Z w w Z q q Z w Z q
Z uq Z vp Z rp Z uw Z uδ δ
+ + + +
+ + + + +
  
                                     (5.68) 
       Rotation along x-direction: 
           [ ]( ) ( ) ( )x z y G GI p I I qr m y w uq vp z v wp ur+ − + − + − − + =    
                             | | | |res p p p propK K p p K p K+ + +   
       Rotation along y-direction: 
           [ ]( ) ( ) ( )yy xx zz G GI q I I rp m z u vr wq x w uq vp+ − + − + − − + =    
                           
| | | |
2
| | | |
s
res w w q q w q
uq vp rp uw uu s
M M w w M q q M w M q
M uq M vp M rp M uw M uδ δ
+ + + +
+ + + + +
  
 
       Rotation along z-direction: 
             [ ]( ) ( ) ( )z y z G GI r I I pq m x v wp ur y u vr wq+ − + − + − − + =    
                          
| | | |
2
 | |  | |
r
res v v r r v r ur
wp pq uv uu r
N N v v N r r N v N r N ur
N wp N pq N uv N uδ δ
+ + + + +




5.7 Comparing the simulation results 
The performance of the dynamics model built by modular modeling method is 
analyzed through comparison with the results using the Prestero’s model [17]. Prestero’s 
model is identified through experiments. Here, we adopt detail data of AUV proved by 
the “starfish” project which has the Myring hull profile. In addition, we assume that the 
AUV has neutral buoyancy and the thrust force is constant. It starts from an initial 
equilibrium in which the velocity [ ]0 0 0 0 0 ToU=v with oU = 1.5 m/s. 
The following figures show the results in horizontal and vertical planes with 
maneuvering time of 30s. For horizontal movement, a rudder step input of -8° is given 
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from 5s to 25s. For vertical movement, a stern step input of -4° is given from 5s to 7s, 
and + 4° step input from 15s to 17s. Comparing Figure 5.4-a and Figure 5.4-b, it can be 
seen that the turning diameters of both models are the same (i.e. 15m). Comparing Figure 
5.5-a and Figure 5.5-b, diving depth of Prestero’s model is the same with the depth of our 
model (4.45m). By comparing two models’ simulation performance, it can be found that 
the results are almost the same. Thus, the accuracy of the modular modeling method 
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Figure 5.4-b     Track in x-y plane by use of modular model 














 Figure 5.5-a     Track in x-z plane by use of Prestero’s model 
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Chapter 6.  Control Design 
 
The movement of AUVs in the water is achieved by cooperation of propeller 
system and control surfaces. For effective control of the motion of AUVs, we need to 
design controllers based on the dynamic model built in previous chapter. Through the 
control of propeller and fins’ deflection, we can achieve the control AUVs’. 
For completeness, this thesis adopts three control schemes and applies them in 
AUV control design. The three control schemes are:  PID control, state feedback control 
with LQR method, and feedback linearization control. In this chapter, the specific designs 
are presented.  
As referred in Chapter 1, the project StarFish aims to build a team of small low-
cost AUVs for surveying. Using 3 basic controllers, forward speed controller, steering 
controller and depth controller, we can realize the movement of the AUV from one point 
to another point. Thus, in this Chapter, we take the 3 basic controllers for example to 
explain the different control schemes.  
Generally, there are 3 targets which we want to maximize maneuverability of the 
AUV: 
         A. Forward speed (surge speed) control 
         B. Steering control  
         C. Depth control  
6.1 PID controllers 
In this section, we design controllers for the AUV based on linear control theory. 
Linear control systems have been well studied and the analysis and implementation of 
such controllers are well known. 
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However, the AUV dynamics is highly nonlinear in nature. Observing the 
dynamics model presented above, the AUV’s motion in 6 DOF is highly coupled. If the 
controllers are designed based on the whole model, it will be difficult to obtain the 
desired performance. According to the 3 targets listed above, we separate the whole 
dynamic model into 3 subsystems which correspond to 3 control targets respectively. 
Based on each subsystem, we design a controller.  
We need to linearize the equations of motion of the AUV by choosing a suitable 
set of operating conditions [42]. Here, the operating surge velocity is chosen to 
be 1.5 /u m s= , while the other states were convenient set to zero at equilibrium.  
 
6.1.1 Speed controller 
In order to simplify the design of the speed controller, only the surge equation of 
motion is considered. Here, we assumed that the interactions with sway, heave, roll, pitch 
and yaw are negligible. Hence, the surge equation can be simplified by only remaining 
the terms containing surge speed ( )u t or acceleration. That is, 
                                      ( )u u propm X u X u u X− = +                                                     (6.1) 
where propX  is the thrust force generated by the propeller.  
Linearizing (6.1), we can get:  
                                        ( )u ul d cm X u X u X u− = +                                                     (6.2) 
Here we simplify the thrust force propX by using a linear function of control input cu . The 
coefficient ulX  is the result of linearization of the term uX u u  at surge speed 
1.5 /u m s= . According to (6.2), we can get the open-loop transfer function: 
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                                      ( )( )





u s m X s X
= = − −                                           (6.3)  
Based on (6.1), we design a proportional (P) controller. The control loop can be 
expressed as: 







=   ,    where u de u u= −                                         (6.4) 
Simulations have been carried out using matlab programs to determine the 
possible values of pK . The value of pK  is chosen to achieve an acceptable level of 
performance. And the suitable choice for the gain is: 50pK = .  The following figure 
shows that the AUV surge speed increase to 1.47m/s at 0.8 s with the desired speed 1.5 

















Figure 6.1    The speed response for proportional controller 
 
 
6.1.2 Depth controller 
By changing the deflection of stern planes (two horizontal fins), the lift force on 
the fins will be changed and the corresponding pitch moment will be changed, too. As a 
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result, the pitch angle of the AUV will also be changed. When the AUV surges at a 
constant forward speed, the change of pitch angle will result in the rising or diving of the 
vehicle and finally changing the depth of the AUV. 
For depth control, the four variables involved are heave velocity ( )v t , pitch 
rate ( )q t , pitch angle ( )tθ , and the depth ( )z t . The control variable is the deflection 
angle of stern planes ( )s tδ .    
The subsystem related to the depth control is given by 4 equations of motion: 
sin cos sin cos cosz u v wθ θ φ θ φ= − + +                                   
                                cos sinq rθ φ φ= −                                                          
            2 2( ) ( ) ( )G G Gm w uq vp z p q x rp q y rq p⎡ ⎤− + − + + − + + =⎣ ⎦                   
                                   
| | | |
2
| | | |
s
res w w q q w q
uq vp rp uw uu s
Z Z w w Z q q Z w Z q
Z uq Z vp Z rp Z uw Z uδ δ
+ + + +
+ + + + +
  
                              (6.5) 
           [ ]( ) ( ) ( )yy xx zz G GI q I I rp m z u vr wq x w uq vp+ − + − + − − + =    
                                  
| | | |
2
| | | |
s
res w w q q w q
uq vp rp uw uu s
M M w w M q q M w M q
M uq M vp M rp M uw M uδ δ
+ + + +
+ + + + +
  
      
        
To simplify the control problem, we linearized the above equations at the equilibrium 
point,  
 1.5 /u m s= ,     θ = w = q =0                                                        




0 0 1 0
0 0 0 1
w q
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                                 [ ]
0 0
0
1 0 0 0






ZZ mU Z w





⎡ ⎤+⎡ ⎤ ⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥− = ⎢ ⎥⎢ ⎥ ⎢ ⎥− ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
                        (6.6)        
As the heave velocity is usually small, a further simplification can be made to the above 
model. Thus, terms containing w or w  can be neglected. The linear depth control system 
can be reduced to: 
[ ]
0 0 0
0 1 0 0 0 0
0 0 1 1 0 0 0
syy q q
s









         (6.7) 
or  
[ ]
( ) 0 ( ) ( )
0 0 0
1 0 0 0
s sq yy q yy q yy q
s









         (6.8) 
 
6.1.2.1 Depth control law 
Based on the linear model containing 3 states, we will design a proportional-
integral (PI) inner loop for controlling the pitch angle θ , and a proportional (P) outer 
loop for controlling the depth z , see Figure 6.2. 
 
Figure 6.2 depth control system block diagram 
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The open-loop transfer function for the inner loop relating input stern angle sδ  to 
the output vehicle pitch angle θ  is: 







yy q yy q
M
I MsG s M Ms s s










                            (6.9) 
The open-loop transfer function for the outer loop is: 
                                             ( )( )
( )z
z s UG s
s sθ= = −                                                       (6.10) 
According to the control law presented above, the PI control for inner loop can be 
expressed as:  
                                             2
2






e s K sθ
δ = − +                                                (6.11) 
where ( ) de sθ θ θ= − . 2pK  is the proportional gain, and 2iK the integral time constant. 
There is a minus sign applied to the proportional gain due to the characteristic of 
the AUV’s motion. When the stern planes generate a positive moment about the y-axis, 
the vehicle will generate a negative pitch angle. 
For the outer loop, the control law can be expressed as: 





θ =                                                            (6.12) 
where ( )z de s z z= − , 1pK  is the proportional gain. 
After adjusting in matlab programs, we can choose suitable values for the control gains: 
                                      1pK ＝－0.1 ;  2pK =1;   2iK = 2 
Chapter 6 Control Design 
 67
Applying the depth controller to the whole nonlinear model, the control 
performance can be observed in the following figures. The surge speed is 1.5m/s, and 
desired depth is 5 m. Observing Figure 6.3-a, the AUV dives 5 m at 25s. The track in 
vertical plane is smooth as shown in Figure 6.3-b.  The values of the input angle of stern 
planes in Figure 6.3-c are less than 10° and gradually decrease to zero.  The initial value 
of input angle is zero. At the beginning of diving motion, there is a leap to10°. The 
results accord with what we desire and the control performance is good. 
 
 
Figure 6.3-a  The depth change with time 
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Figure 6.3-b Moving track in x-z plane 
 
 
Figure 6.3-c  Input angle of stern planes 
 
6.1.3 Steering controller 
When the AUV moves in horizontal plane, changing the rudder angle will cause 
the yaw moment on the vehicle and resulted in changing the heading direction of the 
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vehicle. For steering control, the three related states are sway velocity ( )v t , yaw angle 
rate ( )r t and yaw angle ( )tψ . The control variable is the deflection of rudder angle ( )r tδ . 
The procedure of controller design is the same with depth controller above. The 
equations of this subsystem are: 
                                 sin cos
cos cos
q rφ φψ θ θ= +  
                       2 2( ) ( ) ( )G G Gm v wp ur y r p z qr p x pq r⎡ ⎤− + − + + − + + =⎣ ⎦    
                                         
| | | |
2
| |  | |
r
res v v r r v r ur
wp pq uv uu r
Y Y v v Y r r Y v Y r Y ur
Y wp Y pq Y uv Y uδ δ
+ + + + +
+ + + +
  
                       (6.13) 
                    [ ]( ) ( ) ( )z y z G GI r I I pq m x v wp ur y u vr wq+ − + − + − − + =    
                                         
| | | |
2
 | |  | |
r
res v v r r v r ur
wp pq uv uu r
N N v v N r r N v N r N ur
N wp N pq N uv N uδ δ
+ + + + +
+ + + +
  
  
Through linearization, we can get the simplified subsystem as: 
                      [ ]
0 0
0 0
0 0 1 0 1 0 0
r
r
v r v r
v z r v r r
Ym Y Y v Y Y v










          (6.14-a) 
Similarly, the sway rate is very small and hence, we can neglect the terms related to v  or 
v . Thus, the plant (6.14-a) is can be further reduced to 
                            [ ]0 0
0 1 1 0 0
rz r r
r
NI N r N r δ δψ ψ
⎡ ⎤−⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤= + ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 
                          (6.14-b) 
The open-loop transfer function relating input rudder angle rδ  to the output vehicle yaw 



















                                 (6.15) 
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Based on this transfer function, we design a proportional and integral (PI) controller: 






e s K sψ
δ = − +                                                (6.16) 
where ( ) de sψ ψ ψ= − , pK  is proportional gain, iK is integral time constant.  
Through adjusting in matlab programs, the values of control gains are: 
             pK ＝ 1 ,   20iK =                                                              
Applying this controller into the whole nonlinear model, the control performance 
can be observed in following pictures. The forward speed of the AUV is 1.5m/s and the 
desired target is to turn left 30° in horizontal plane. Observing Figure 6.4-a, the AUV 
finally turns 26°. And it turns 13° in first 5 seconds which probably makes the vehicle 
unstable for rapidly tuning. However, the Figure 6.4-b shows that the movement of the 
vehicle in horizontal plane looks stable and smooth.  Furthermore, the angle inputs of 
rudder are all in range of 10° and finally decrease to zero which accords to the practical 
requirement, that the deflection of control fins should be less than 12°.  
 
Figure 6.4-a  Steering angle change with time 
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Figure 6.4-b Moving track on x-y plane 
 
Figure 6.4-c   Input angle of rudders 
 
6.2 State feedback controllers using LQR method 
Considering the three linear subsystems obtained above, in this section we will 
use LQR (linear Quadratic Regulator) method to design state feedback controllers and 
then achieve robust control.  LQR method is one solution for optimal control.   
Consider a LTI system described by 
                                                 x Ax Bu= +                                                     
                                                 y Cx=                                                           (6.17) 
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with a cost function defined as:  




T TJ x Qx u Ru dt
+∞= +∫                                        (6.18) 
where the weighting matrix  R is positive definite and Q is positive semi-definite. The 
selection of the weighting matrices Q and R in our design is made on the basis of 
simulations of the results for different trial values.  
The feedback control law that minimizes the cost is given by: 
                                                  1 Tu R B Px−= −                                                        (6.19) 
where P is found by solving the Riccati equation: 






Figure 6.5 State feedback control scheme 
 
 
6.2.1 Speed controller           
Recalling equations (6.2), it can be expressed as: 
                                                         1 1 cu Au B u= +                                                  (6.21) 












. u  is the surge velocity to be controlled. cu  is the 






∫r  y +
- +
u x
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After a series of simulations and comparison with various sets of weighting values 
of R and Q, we choose the weighting matrices R and Q as: 
                                                             R = 1     ,     Q=10 
Therefore, the control law is  
                                                             K= 2.3166 
The performance of this controller is given in the following figure and is very good. The 
vehicle reaches the desired speed 1.5 m/s at 7s.  
 
Figure 6.6   Forward speed response for LQR speed controller 
 
6.2.2 Depth controller 
Recall the subsystem (6.8) for depth control, and change the plant into a standard 
form: 
                                                 x Ax Bu= +                                                                (6.22)           
                                                  y Cx=  
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where [ ]Tx q z θ= , [ ]0 1 0C = , 
           
( ) 0 ( )
0 0
1 0 0
sq yy q yy q
M I M M I M
A U









δ −⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦

.                     
We first check the system’s controllability and observability. By substituting the specific 
data into coefficient matrices A and B, we check the ranks of relative matrices. 
The rank of controllability matrix, 2B AB A B⎡ ⎤⎣ ⎦ , is 3; the rank of obseverbility matrix, 
2 TC CA CA⎡ ⎤⎣ ⎦ , is also 3. Therefore, the subsystem (6.22) is controllable and 
observable.  
After simulations and comparison of different trial values, the values of weighting 
matrices are selected. 




⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 
And finally, the control law for depth control is: 
                                             K=[ ]0.95 1 2.16− −  
Applying the controller to the whole nonlinear model, the control performance can be 
observed in following figures. The surge speed is 1.5m/s, and desired depth is 5 m. 
Observing Figure 6.7-a, the AUV dives 5 m at 18s. The track in vertical plane is smooth 
and the pitch angle is smaller compared with the P-PI controller. It means that the vehicle 
will be more stable when diving. As shown in Figure 6.7-c,  The values of the input angle 
of rudder are constrained to be less than 8°and gradually decrease to zero.   
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Figure 6.7-b  Moving track in x-z plane 
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6.2.3 Steering controller 
The procedures of steering controller are similar with depth controller above. 
After recalling the subsystem (6.14) and making sure it controllable and observable, we 
select the values of weighting matrices R and Q based on simulation results. 
                                              R = 1        ,       Q=
1 0
0 1
⎡ ⎤⎢ ⎥⎣ ⎦  
The control law is   K=[ ]0.83 1− − .  
Applying this controller into the whole nonlinear model, the control performance can be 
observed in following pictures. The forward speed of the AUV is 1.5m/s and the desired 
target is to turn left 180° in horizontal plane. Observing Figure 6.8-a, the AUV turns left 
smoothly and finally turns 180° at 15s. Then it keeps this direction to move. In Figure 
6.8-b, we can observe its turning movement more clearly. The angle inputs of rudder in 
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Figure 6.8-c are all in range of 8° and finally decrease to zero. Therefore, the 
performance of the steering controller is very good. 
 




Figure 6.8b  Moving track on x-y plane 
 
 









6.3 Feedback linearization controllers 
Feedback linearization is an approach to nonlinear control design. The central 
idea is to algebraically transform nonlinear systems dynamics into linear ones, so that 
linear control techniques can be applied. It differs entirely from conventional (Jacobian) 
linearization, because feedback linearization is achieved by exact transformation and 
feedback, rather than by linear approximations of the dynamics [43]. 
Consider a simplified SISO system: 
                                                mv h τ+ =                                                                  (6.23) 
                                                  vη =                                                                         (6.24) 
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where v  and η are the velocity and position states of the system to be controlled, h is a 
nonlinear function of the states.    
The nonlinearity can be cancelled by the choice of a suitable control law: 
                                               vma hτ = +                                                                  (6.25) 
Substituting the control law (6.25) into (6.24), the close loop system term becomes 
                                              ( ) 0v vmv h ma h m v a+ = + ⇒ − =                                  (6.26) 
Then, we can get 
                                                0vv a− =                                                                      (6.27) 
The commanded acceleration can be selected using linear control analysis, for example, 
we can choose 
                                        22 ( ) ( )v d d da v v vλ λ η η= − − − −                                          (6.28) 
where dv  and dη are desired velocity and position respectively. Choosing 0λ > yields 
                                             22 0e e eλ λ+ + =                                                               (6.29) 
with de η η= − , and  ensures exponential convergence of ( )e t to zero. 
 
6.3.1 Speed controller 
When we use feedback linearization to design controllers, the nonlinear equations 
of the 6 DOF dynamics model of the vehicle will be used. Considering the speed control, 
we only use the surge equation which is expressed as  
      
2 2
| |
( ) ( ) ( )
( )
( | | )
G G G
u prop
res u u wq qq vr rr
m vr wq x q r y pq r z pr q
m X u X
X X u u X wq X qq X vr X rr
⎧ ⎫⎡ ⎤− + − + + − + +⎪ ⎪⎣ ⎦− + =⎨ ⎬− + + + + +⎪ ⎪⎩ ⎭

   
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1( ) ( )
2u T p p
m X u h D K Jρ ω ω⇒ − + =                                    (6.30) 
where 1h  contains terms which are not functions of u , and the RHS of (6.30) is a term 
relating the propeller rotating rate pω with the propulsive force along the surge direction.                
Simplify (6.30) as 
                                                    1 1 1m u h n+ =                                                           (6.31) 
where 1m  is the mass which includes added mass term, 1n represents the input propulsive 
term on the RHS of (6.30). 
The command acceleration for the control law is chosen as  
                                                  1 1( )d da u u uλ= − −                                                   (6.32) 
where du is desired surge velocity. According to (6.32), we have the desired input 
propulsive force as 
                                                   1 1 1 1n m a h= +                                                            (6.33) 
Substituting (6.32) and (6.33) into (6.31), gives 
                                       1( ) 0d du u u uλ− + − =   1 1 1 0e eλ⇒ + =                                 (6.34) 
where  1 de u u= − . The global asymptotic stability can be assured if 1 0λ > . 
Here we select 1λ = 0.15 to guarantee good closed-loop performance. The speed increases 
smoothly and the vehicle is stable.  
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Figure 6.9     surge speed response  
           
6.3.2 Depth controller 
Consider the pitch dynamic equation of motion, that is the fifth equation of (5.66), 
we use the procedure described in 6.3.1, and rewrite the equation as: 
                                                       2 2 2( )sm q h δ+ =                                                      (6.35) 
where 2 yy qm I M= −  , 2h  contains all the other terms except the control input term of 
function sδ . 2( )sδ  represents the moment generated by deflection of the stern planes for 
depth control.  
In addition, we have used other 2 equations: 
                                                       qθ =                                                                     (6.36)                
                                                      z Uθ= −                                                                 (6.37) 
The command acceleration is chosen as: 
                              2 21 22 23( ) ( ) ( )d d d da q q q z zλ λ θ θ λ= − − − − − −                              (6.38) 
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where dq is desired pitch angle rate, dθ is the desired pitch angle, and dz is desired depth 
of the AUV. 
 Therefore, the moment generated by the deflection of stern planes is: 
                                                     2 2 2 2( )s m a hδ = +                                                      (6.39) 
Substituting (6.38) and (6.39) into (6.35) and considering the relationship described in 
(6.36) and (6.37) yield: 
                         21 22 23( ) ( ) ( ) 0d d d dq q q q z zλ λ θ θ λ− + − + − + − =                           
                              ⇒    2 21 2 21 2 23 2 0e e e eλ λ λ+ + + =                                                       (6.40) 
where 2 de z z= − . For stability, the values of 21λ , 21λ  and 23λ  have to be greater than 
zero. 
       The final values selected for the three coefficients are: 
                                             21 8λ = ,    22 4λ = ,     23 0.6λ =  
Applying the controller to the whole nonlinear model, the control performance can be 
observed in following figures. The surge speed is 1.5m/s, and desired depth is 5 m. 
Observing Figure 6.10-a, the overshoot is less than 10%, and the AUV achieve the depth 
of  5 m at 25s. The pitch angle during the diving process is less than 27°. 
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Figure 6.10-c pitch angle during diving process 
 
6.3.3 Steering controller 
A similar approach used in section 6.3.2 is applied to the design of steering 
controller. As previously mentioned, the steering control is related to two state variables: 
the yaw angle rate r and the yaw angleψ . Recall the yaw dynamic equation of motion 
from (5.66) and rewrite is as: 
                                                  3 3 3( )rm r h δ+ =                                                      (6.41) 
where 3 zz rm I N= −  , 3h  contains all the other terms, 3( )rδ  represents the moment 
generated by the deflection of the rudders.  
In addition, we need to consider the relationship: 
                                                    rψ =                                                                   (6.42) 
For the control of direction heading, the command acceleration should be chosen as: 
                                                3 31 32( ) ( )d d da r r rλ λ ψ ψ= − − − −                            (6.43)                       
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 where dr is the desired yaw angle rate, dψ is desired direction heading. 
 Therefore, the moment generated by the rudder is given by   
                                                    3 3 3 3( )r m a hδ = +                                                  (6.44) 
and then,  
                                        31 32( ) ( ) 0d d dr r r rλ λ ψ ψ− + − + − =      
                                   ⇒          3 31 3 32 3 0e e eλ λ+ + =                                                 (6.45) 
where 3 de ψ ψ= − . Choosing 31λ , 32λ >0 will guarantee global asymptotic stability. The 
values for the two terms are: 
31 1.2λ = ， 32 0.36λ =  
Applying this controller into the whole nonlinear model, the control performance can be 
observed in following pictures. The forward speed of the AUV is 1.5m/s and the desired 
target is to turn left 90° in horizontal plane. Observing Figure 6.11-a, the AUV turns left 
smoothly and finally turns 90° at 30s. Figure 6.11-b shows the track in x-y plane. The 
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Figure 6.11-a Steering angle with time 
 
 
Figure 6.11-b Moving track in x-y plane 
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Chapter 7.  Conclusion 
 
This thesis proposes a new modular modeling method for AUVs adopting Myring 
hull profile. This method divides the AUV into 3 basic modules: the nose section, the 
middle section and the tail section with 4 control fins. By use of the basic geometrical 
parameters, the essential data of each module for the modular method are calculated by 
relevant empirical formulas. Based on these essential data, the hydrodynamic coefficients 
for the dynamic model are determined according to fluidics theories and empirical 
formulas. By comparison with Prestero’s model in Section 5.7, it is verified that the 
accuracy of the model generated by the modular method is good and acceptable. In 
addition, the essential data of every module which has been calculated are kept in files. 
When the modules are used next time, we can load relevant data directly from these files. 
This modular modeling method is based on the basic modules which constitute 
the whole AUV and makes modeling process quite flexible. When some component of 
the AUV is changed for loading different functional requirements, we only need to 
calculate the essential data of new modules for dynamic modeling. Given the data of the 
new modules, this method can combine them with the data of remaining components and 
build the new dynamic model quickly. Therefore, this method improves the efficiency of 
data use and realizes flexible modeling.  
Based on the nonlinear dynamic model with 6 DOF, this thesis uses three control 
laws for controller design and presents the simulation results for each controller 
respectively.  
These controllers aim to realize the forward speed control, steering control and 
depth control. The three control laws are PID control, state feedback control with LQR 
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method and feedback linearization control. The PID controllers and LQR are designed 
based on the linearized model from the whole model, while the feedback linearization 
controller is designed based on the origin nonlinear model. The performances of 3 
different kinds of controllers are all good. By proper parameter setting, the 3 types of 
controllers can be useful for application in AUV control.   
However, we should point out that the modular modeling method assumes that the 
AUV with Myring hull profile has smooth hull shape. That is to say the AUV has not any 
bulge or components outside the main hull except fins and propellers. In practice, there 
are often some sensors fixed outside the hull which will generate additional 
hydrodynamic forces. Thus the modeling for these bulges will be the next step work for 
perfecting the modular method.  Considering the future work, we can first simulate the 
dynamic force due to the bulges by CFD software and determine the effect of these 
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